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Abstract
The majority of long bone fractures heal via a secondary bone healing process, 
with the development of an external callus. Callus size and morphological 
development are influenced by mechanical stimuli throughout all stages of the healing 
process. Interfragmentary movement (IFM) has been identified as the most important 
mechanical factor influencing healing, and is determined by the applied load and the 
stability of any fixation. Identifying the phases of healing that are most sensitive to 
mechanical stimulation can provide an opportunity for clinicians to optimise bone 
healing treatments.  
This thesis employs a number of methods to investigate the effect of modifying 
fixation stiffness on the healing process and outcome. A finite element (FE) model is 
used as a predictive tool and an in vivo small animal osteotomy model is employed to 
investigate the effect of early flexible fixation, which was later stabilised at different 
times throughout the healing process.  
Finite element models provide an opportunity to assess mechanical stimuli 
within healing fractures that cannot be measured directly during experimental 
investigations. These models have the potential to further our understanding of fracture 
healing, and to ultimately be used to predict and optimise patient-specific treatment 
strategies in a clinical setting. However, due to limitations in modelling techniques and 
our current understanding of mechanobiological principles, these goals cannot 
currently be realised. This limitation was identified after using the FE model to 
simulate changes in fixation stiffness, whereby the results indicated that constant stable 
fixation always led to the best healing outcome.  
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The in vivo studies undertaken as part of this project investigated tissue 
development in response to varied mechanical stimuli. Histological methods were used 
to characterise changes in callus composition and development throughout the healing 
process. The outcome of healing was assessed using a combination of mechanical 
testing, micro-computed tomography, and histological evaluation.  
This study clearly identified differences in healing under different constant 
fixation stabilities. The formation of the periosteal callus via intramembranous 
ossification was shown to be related to the local mechanical stimulus within the 
fracture region. As healing progressed under constant fixation, it was observed that 
higher magnitude IFM led to delayed healing, particularly during the mineralisation of 
cartilage as part of the endochondral process.  
Modification of fixation stiffness at 7 days post-operatively led to a healing 
pathway dominated by intramembranous ossification, however when implemented 14 
days post-operatively, the process was shown to accelerate endochondral ossification. 
Overall, these results indicates benefits from early fixation flexibility through 
stimulation of hard callus formation, with further stabilisation required for intracortical 
bone formation - irrespective of the healing pathway. 
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Chapter 1: Introduction
1.1 BACKGROUND
Bone fractures occur frequently throughout Australia and cost the health care 
system more than AUD$1.9 billion annually in direct costs [1]. Fractures occur when 
an accidental load exceeds the physiological ‘limit’ of the tissue, inducing strains that 
result in stress greater than the strength of the bone [2]. These can occur from high 
energy trauma, for example sporting or traffic accidents, or from low energy trauma, 
such as slips and falls. Whilst many such fractures heal with minimal intervention, 
particularly in children, a large proportion require surgical intervention to heal 
appropriately [3]. 
The intrinsic repair capacity of bone tissue is considerable, with the tissue being 
able to return to its original strength and anatomy without the formation of scar tissue, 
given appropriate healing conditions. However, when fracture complexity or the 
suitability of fixation exceed certain limits, complications may arise, as reported in 5-
10 % of all long bone fractures [4-6]. Propensity for complication is highly dependent 
on a combination of injury and host factors [7].  
The regeneration of bone tissue, is a complex, well-orchestrated process of cell 
recruitment, proliferation and differentiation [8]. The tissues that are formed in the 
defect, including granulation tissue, fibrous tissue, cartilage, and bone, form different 
distributions throughout healing that are directly influenced by the mechanical 
environment of the fracture. It has been hypothesised [9-13] that if this mechanical 
environment can be optimised, the bone healing response will be enhanced, reducing 
patient recovery times and complication rates. 
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1.2 MECHANICAL STIMULUS ON BONE HEALING 
The majority of fractures heal via secondary bone healing, with the formation of 
an external callus, due to mechanical stimulus within the fracture. In this context, 
movement at the fracture site is referred to as interfragmentary movement (IFM). Such 
movements induce local mechanical stimuli within the developing callus tissue that 
can influence cellular differentiation, tissue turnover and hence improve the rate of 
healing [14]. The magnitude of IFM occurring at an injury site is governed by the load 
applied to the limb, due to weight bearing and muscle forces, the stiffness of the tissue, 
and the stability of the fracture site as determined by the stiffness of the fixation.  
Past experimental investigations have determined that there is a range of IFM 
which produces a reliable healing outcome, with stimuli outside of this range resulting 
in potential complications. On one hand, overly rigid fixation results in delayed healing 
where callus formation is suppressed, whilst conversely overly flexible fixation leads 
to hypertrophic non-union, where excessive instability and IFM impairs callus 
mineralisation. For optimal bone healing, a fixation needs to allow sufficient 
movement to stimulate callus growth, yet provide enough stability to permit 
mineralisation and the bony bridging of the fracture.  
Whilst it is clear that IFM influences the healing outcome, it is not well 
understood how IFM-related strain influences specific cellular signalling, leading to 
the formation of different tissue types. Hence, optimal IFM may vary across different 
stages of healing. Development in this field may reveal clinically relevant periods 
where the ability to modify the fracture fixation stiffness may potentiate favourable 
IFM, enhancing the healing outcome. This would prove advantageous over current 
methods, where the stiffness of fixation remains unchanged until the end of the healing 
period unless adverse events are observed.  
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The concept of modulating fixation stiffness throughout bone fracture healing to 
optimise the mechanical environment at each healing stage will be investigated in this 
thesis. A number of methods will be employed to investigate this theory, including in
vivo studies and computational studies. 
1.3 COMPUTATION MODELLING OF SECONDARY BONE HEALING 
Determining the mechanical stimuli driving tissue development during secondary 
fracture healing is critical to optimise clinical treatment of bone fractures. Whilst 
investigation into this interaction has been explored both clinically and experimentally, 
limitations in monitoring technology, such as non-invasive measurement of intra-
defect strains during healing, have largely impeded advancement. Alternative 
approaches, namely that of numerical modelling in the form of Finite Element (FE) 
simulations, have been developed to attempt to combat such issues.  
FE techniques may be used to analyse a structure with a known geometry, a proposed 
load and appropriately detailed material properties. Whilst perfectly suited to purpose 
conceptually, these models are still often preliminary and require significant 
assumptions or simplifications to be made in order to be executed. At present, FE 
models are only used to describe biological and histological outcomes from past in
vivo experimental investigations. To ultimately develop models capable of predicting 
healing outcomes from patient specific cases, they require further assessment and 
development. This thesis will explore the status of current numerical simulations of 
bone healing in comparison to results obtained through in vivo investigations.  
1.4 PURPOSE FOR THE RESEARCH 
The purpose of this research is to expand knowledge in the field of bone fracture 
repair. I explored the effect of changing the mechanical environment in the healing of 
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bone fractures. The majority of this work was conducted in collaboration with 
colleagues from the Institute of Orthopaedic Research and Biomechanics, University 
Hospital of Ulm, Germany.  
Firstly, I tested the predictive capacity of an established FE bone healing model, 
to assess if the model had the capacity to predict healing outcomes in a scenario beyond 
which it was developed. Secondly, I conducted an in vivo bone healing study in a rat 
mid-diaphyseal femoral osteotomy model, whereby the mechanical environment was 
modulated at different times throughout the healing process, to assess not only a 
changing mechanical environment on the overall healing outcome, but also on each 
healing stage. Finally, I conducted a comparison between the FE modelling and the in 
vivo study in order to further describe mechanobiological mechanisms that influence 
fracture repair.  
1.5 THESIS HYPOTHESIS AND AIMS 
The overarching aim of this thesis is to determine during the phases of bone 
healing where mechanical stimulation may enhance the bone healing response. It was 
hypothesised that the healing outcomes of long bone fractures can be improved 
through the implementation of appropriate mechanical stimuli that are purposefully 
modulated as healing progresses. We propose that it will be most beneficial to provide 
a flexible fixation to the fracture during the earlier stages of healing to promote larger 
callus formation, and then to increase fixator stiffness to allow for callus maturation 
and subsequent remodelling to occur. 
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1.6 OVERVIEW 
1.6.1 Chapter 2: Literature Review 
This chapter provides a comprehensive review of literature relating to the field 
of bone healing. Beginning with the anatomy and physiology of diaphyseal bones, 
followed by a description of the bone fracture healing process. Factors influencing 
bone healing are then reviewed including methods of fixation, the mechanical 
environment and fracture motion, and complication arising clinically. Finally the 
mechanobiological theories driving fracture repair and current computational 
modelling of the healing process are described.  
1.6.2 Chapter 3: Hypothesis Conceptualisation and Development 
This chapter provides background justification for the overarching hypothesis 
investigated throughout this thesis. We hypothesise that bone healing will be enhanced 
with initial flexible fixation conditions which will be converted to stiff fixation during 
the later stages of repair. An axisymmetric FE study was conducted as a demonstration 
of the hypothesis whereby a larger callus lowered the tissue strain within the fracture 
gap and along the ossification front compared with a smaller callus. Finally, the models 
which will be implemented in order to investigate this hypothesis are outlined. 
1.6.3 Chapter 4: Computational simulation of fracture healing under 
modulation of fixation stiffness 
This chapter implements a current numerical algorithm of bone fracture healing, 
developed at the Institute of Orthopaedic Research and Biomechanics, University 
Hospital of Ulm, Germany, to assess the predictive capacity of the simulation. The 
study was intended to determine if the model can appropriately address the effects of 
the changing mechanical environment on tissue distribution and the length of time 
required for healing. Results from this chapter are later compared with the following 
in vivo studies. 
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1.6.4 Chapter 5: The Influence of Modifying Fixation Stiffness on the Healing 
Outcome
In this chapter, an in vivo study was used to investigate the influence of 
modifying fixation stiffness on the outcome of healing. The experimental model was 
a rat femoral osteotomy stabilised with an external fixator. The hypothesis of this thesis 
was assessed by treating osteotomies with early flexible fixation to promote callus 
formation, with subsequent stiffening of the fixator to allow for callus mineralisation. 
Mechanical testing, micro-computed tomography and histological techniques were 
used to assess the quality of bone healing in each group.  
1.6.5 Chapter 6: The Influence of Modifying Fixation Stiffness on Callus 
Development
The aim of this chapter was to assess the bone healing process under stiff and 
flexible fixation conditions, and to compare these with modified fixation stiffness at 3 
and 7 days post-operatively. Early time points in healing were examined closely, by 
assessing tissue distributions at 5, 14 and 28 days post-operatively. It was hypothesised 
that a larger callus will be formed earlier in the post-operative period with flexible 
fixation conditions, which once stabilised under stiffer fixation conditions, will result 
in faster intracortical bone formation.  
1.6.6 Chapter 7: Summary and Discussion
The final chapter provides a summary and discussion of the results and how they 
relate to the hypothesis of this project. Future directions are also outlined to progress 
knowledge in the field of bone fracture healing and mechanobiology.  
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2.1 BONE PHYSIOLOGY 
Bone is a complex and highly organised connective tissue that performs several 
important functions in the body including protection of vital organs, structural support, 
and movement [15]. Across all of these functions, bone is able to withstand 
considerable load due to its hierarchical structure, which is constantly remodelled in 
response to varied stimuli [16]. 
The adult human skeleton is composed of 80 % cortical bone and 20 % trabecular 
bone by weight [15]. Cortical bone is a dense, strong material that forms the cortex of 
long bones. Conversely, trabecular bone comprises a network of rod- and plate-like 
trabeculae with a much larger surface area per unit volume compared with cortical 
bone [17]. The trabecular network reduces the overall weight of bone without 
significantly impacting mechanical properties of the bone at an organ level, whilst 
providing the necessary volume for bone marrow and blood vessel ingrowth.  
The external surfaces of long bones are covered by the periosteum, which is a 
fibrous connective tissue sheath. The periosteum consists of an outer fibrous layer, 
composed of collagen and reticular fibres, and an inner, proliferative layer (cambium) 
which lies adjacent to the bone [18]. The outer fibrous layer provides elasticity to the 
tissue and facilitates the insertion of ligaments, tendons, and muscles [18]. The inner 
proliferative layer contains osteoblasts and osteoprogenitor cells capable of forming 
woven bone after a fracture [15].  
The majority of bone mass is comprised of extracellular bone matrix. This matrix 
comprises both mineralised and non-mineralised elements. The non-mineralised 
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(organic) component includes ground substance (proteoglycans and glycoproteins) 
and collagen type I fibres, which contribute to the structure of the bone and provide 
tensile strength and toughness [19]. The mineralised inorganic component is 
hydroxyapatite, a crystalline calcium phosphate, which forms microscopic, tightly 
packed crystals in and around the collagen fibres in the extracellular matrix, 
reinforcing the tissue structure [15]. The function of cells within the bone is to form, 
maintain and remodel this matrix [18]. The major cell types include: osteoblasts, which 
produce bone; osteocytes, which maintain bone; and osteoclasts, which resorb bone.  
Structurally, cortical bone is made up of osteons (Figure 2.1). Cortical osteons, 
also known as Haversian systems, are cylindrical in shape and form a branching 
network within the bone [19]. The walls of Haversian systems are formed of concentric 
layers of lamellar bone, orientated parallel to the long axis of the bone; giving high 
compressive strength and resistance to bending. Cells within the bone are responsible 
for bone production, maintenance and modelling. Osteoblasts are derived from 
mesenchymal stem cells and are found on the internal and external surfaces of the 
lamellae. They secrete glycoproteins and mucopolysaccharides to form the organic 
component of the bone matrix (osteoid) [19]. Osteocytes are mature osteoblast that are 
located within lacuna (small pit/depression) throughout the bone matrix [15]. They 
form a large number of cell-cell contacts, making them capable of rapid signal 
transduction, through an extensive network of cell processes known as canaliculi [20]. 
Osteocytes are the cell responsible for sensing mechanical forces exerted on bone. In 
response to this mechanical stimuli, osteocytes will alter the production of a multitude 
of signally molecules, which may direct the other cells type to initiate bone resorption 
or formation responses [20]. Osteoclasts are large multinucleated cells found in 
cavities on bone surface and are responsible for bone resorption [19]. 
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Figure 2.1: Hierarchical bone organisation over different length scales. A) the cortical outer 
layer; b) cylindrical osteons (or Haversian systems); c) a range of cell membrane receptors 
specific to binding sites; and d) the nanoarchitecture of the surrounding extracellular matrix 
(ECM) (reproduced with permission [21, 22]). 
2.2 BONE FRACTURE HEALING 
A bone fracture occurs when strain exceeding the physiological limits of the 
tissue is applied [23]. Bone has a substantial capacity for repair following fracture [16], 
in order to re-establish the continuity and structural integrity of the injured bone, and 
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subsequently to restore the function of the injured limb [3]. Bone fracture healing is a 
multistage repair process that involves complex, well-orchestrated steps initiated in 
response to fracture, and occurs through either primary or secondary healing 
mechanisms [16, 24, 25]. 
Primary fracture healing is characterised by direct re-establishment of the 
cortical bone without the formation of a fracture callus. Primary healing is not a 
common occurrence, as it requires the anatomical reduction of the fracture ends, with 
direct cortical bone contact or a small fracture gap, together with an extremely stable 
fixation compressing the fracture ends. Under these conditions, tissue strain is very 
low, allowing direct cortical bone remodelling and osteonal bridging without any 
external callus tissue formation [26, 27].  
In this process, osteoclasts act as a cutting head, producing longitudinal cavities 
known as 'cutting cones', resorbing dead bone at the necrotic ends of the fracture [23, 
26]. Behind the cutting head, osteoblasts form new bone within the cutting cones, and 
subsequently bridge the fracture gap [28]. This process results in the generation of 
bony union while simultaneously restoring the Haversian systems [29]. It is a slow 
process which can take anywhere from many months to years until healing is complete 
[24].  
Secondary healing can be outlined in three overlapping stages; inflammation, 
repair and remodelling. It is a sequential tissue differentiation process that is 
characterized by periosteal callus formation, with a combination of direct 
intramembranous ossification and endochondral ossification [3, 16, 24, 25]. This 
process produces a large volume of woven bone that stiffens the fracture gap, 
decreasing the movement between the fracture ends and resulting in gradual 
restoration of the bone tissue [30].  
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2.2.1 Inflammation
Immediately following a fracture, a haematoma is formed as a result of ruptured 
blood vessels in the bone, periosteum, surrounding soft tissue, adjacent to the fracture 
site [4, 31]. Disruption of the blood supply usually leads to the development of hypoxic 
areas within the tissues due to an initial fall in oxygen tension and nutrient delivery 
[31]. This deprives the osteocytes of nutrients and gases, which leads to bone necrosis 
at the fracture site. The extent of this necrosis varies depending on the degree of 
sustained trauma [30, 32].  
The haematoma is rich in platelets and macrophages, which are stimulated to 
release a series of signalling molecules such as cytokines and growth factors, initiating 
the inflammatory response by recruiting inflammatory cells [3, 4]. Important cytokines 
in this stage of fracture healing include platelet derived growth factor (PDGF), the 
transforming growth factor beta group of proteins (TGF-ȕ), interleukin-1, interleukin-
6 (IL-1 & IL-6) and prostaglandin E2 (PG-E2) [4]. Many of the cytokines involved in 
this phase have an angiogenic function, assisting to restore the blood supply through 
formation of new blood vessels (capillaries) from pre-existing undamaged vessels. 
Osteoclasts are activated and begin resorption of bone debris at the fracture site, 
whilst mesenchymal stem cells (MSCs) are also recruited to the fracture region. The 
MSCs originate from the periosteum, endosteum, vascular endothelium and bone 
marrow [4, 19]. They are multi-potent cells and hence capable of differentiating down 
fibrogenic (fibrous tissue), chondrogenic (cartilage), osteogenic (bone) and lipogenic 
(fat) cell lineages [31, 32] depending upon the biological and mechanical stimuli they 
receive. After a few days post-fracture, the haematoma is resorbed leaving fibroblasts 
which form a loose aggregate of cells that are interspersed with small blood vessels, 
forming what is known as granulation tissue. 
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2.2.2 Repair
During the repair phase of secondary fracture healing, both soft and hard calluses 
are formed through a combination of endochondral and intramembranous ossification 
[26]. Intramembranous ossification produces a hard callus and occurs predominantly 
at the periphery of the callus, in a region of low tissue strain, whilst the soft callus is 
formed centrally in the endochondral ossification zone [3, 16, 24-26].  
The intramembranous ossification response occurs predominantly beneath the 
periosteum, generating a hard callus of woven bone (Figure 2.2). In this region, 
periosteal osteoblasts synthesize type I collagen (COL I) which leads to the direct 
generation of calcified tissue [4]. The osteoblasts involved in intramembranous bone 
formation are said to be derived from periosteal precursor cells and hence removal of 
the periosteum results in diminished capacity for hard callus formation [30]. 
Intramembranous bone formation is therefore initiated regions where the periosteum 
and vascularisation are not disturbed by trauma and where IFM causes minimal tissue 
strain [33].  
A fibrin-rich granulation tissue is formed following the development of the 
primary haematoma, occurring simultaneously with hard callus formation. This tissue 
forms between the fracture ends external to the periosteal sites (Figure 2.2). The region 
is hypoxic and is exposed to high tissue strains [3]. Such conditions encourage the 
differentiation of MSCs down a chondrogenic lineage, resulting in the formation of a 
soft callus comprising cartilaginous tissue that stabilises the fracture in this region 
throughout the calcification and remodelling processes [4, 25, 26].  
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Figure 2.2: Intramembranous bone formation occurs forming an initial hard callus while the 
hematoma is replaced by fibrous tissue (adapted with permission [34]). 
Calcification of the soft cartilaginous callus occurs through the process of 
endochondral ossification (Figure 2.3), which continues until bone has bridged the 
fracture site. As chondrocytes in the fracture callus proliferate, they become 
hypertrophic and start to release calcium and undergo apoptosis [33].This process is 
similar to the mechanism which occurs in growth plates during embryological bone 
development. Bridging of the fracture by the cartilaginous matrix provides stability to 
the region, allowing the ingrowth of blood capillaries into the callus increasing blood 
supply [26]. The new blood vessels ease chondrocyte and osteoblast infiltration into 
the tissue, which facilitates the active removal of mineralised cartilage and promotes 
deposition of woven bone [26].  
Throughout this phase of healing, the stiffness and stability of the fracture 
increases due to an increase in callus volume and the progressive tissue calcification 
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[4, 24]. By the time the endochondral process has reached the stage of cartilage 
formation and calcification, a substantial amount of woven bone has already been 
formed adjacent to the fracture site by intramembranous ossification. Bony bridging 
will then occur (Figure 2.3) [24], with the resulting fracture callus being composed 
entirely of woven bone. Ultimately, the final bridging of this hard callus provides the 
fracture with a semi-rigid structure that allows weight bearing. However, the collagen 
fibres within this woven bone have random orientations in contrast to those in normal 
lamellar bone [4], and further remodelling is required to restore the original lamellar 
structure.  
 
Figure 2.3: Cartilage formation at the bone ends and bony bridging (adapted with permission 
[34]). 
2.2.3 Remodelling
Remodelling of the hard callus restores the lamellar structure, the central 
medullary cavity, and the normal mechanical characteristics of the bone (Figure 2.4) 
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[26, 33]. The remodelling process involves a balance of hard callus resorption by 
osteoclasts and lamellar bone deposition by osteoblasts [24, 30]. It also coincides with 
the reestablishment of the original blood supply to the bone. The entire process may 
take multiple years to complete.  
 
Figure 2.4: Bone remodelling process in which the original structure of the bone is restored 
(adapted with permission [34]). 
2.2.4 Revascularisation 
Revascularisation of the callus is critical as it facilitates nutrient and gas 
exchange to the local cells. In this context, angiogenesis is the outgrowth of new 
capillaries from existing vessels [35, 36], which is dependent on well-vascularised 
tissue being present on either side of the fracture gap, as well as sufficient mechanical 
stability to allow new capillaries to form and survive [29]. Blood supply to the fracture 
site and throughout the callus is derived primarily from the surrounding tissues, in 
contrast to the normal centrifugal blood flow from the medullary canal in intact bones 
[33].  
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Immediately following fracture, the total blood flow to the affected area of bone 
is reduced due to the rupture of blood vessels and physiological vasoconstriction in 
response to the trauma [33]. This hinders the transport of cells, oxygen and other 
nutrients to the site of repair [36]. The fracture ends are hence generally devascularised 
and as such cannot contribute to the repair process. The local oxygen tension is 
believed to influence the differentiation of local MSCs, with low oxygen content 
tending towards a chondrogenic lineage. Conversely, the periosteal tissue has 
extensive microvasculature, which drives initial intramembranous ossification.  
As healing progresses, if fracture stability is maintained, intramedullary blood 
vessel bridging can occur. However, in the presence of excessive interfragmentary 
strain, vessels cannot form between the cortices and will instead form in the soft tissue, 
circumferential to the fracture gap thus driving the development of periosteal callus. 
As the callus tissue progressively stabilises the fracture, capillary and bony bridging 
will occur throughout the fracture gap.  
Despite an increase in vascularity throughout the healing process, oxygen 
tension, measured across a healing callus, remains low until well into the remodelling 
phase. Brighton and Krebs [37], found that both cartilage and bone are formed in areas 
of low oxygen tension, despite an increase in vascularity at the fracture site. It has been 
suggested that this is due to an even greater increase in cellularity due to the healing 
response, and as such a relative state of hypoxia exists throughout the majority of the 
callus. Once the fracture has healed and the medullary canal is re-established, 
vascularity of the region is sufficient to restore normoxia to the bone tissue.   
2.3 FACTORS INFLUENCING FRACTURE HEALING 
Fracture healing is influenced by the mechanical environment within the healing 
tissue [10, 14, 38-40]. The mechanical environment varies based on the type of fracture 
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or fracture geometry, the type of fixation used to stabilise the fracture and the loading 
throughout the fracture gap.  
2.3.1 Methods of Fixation 
To enable healing to occur, fractures are stabilised using a variety of fixation 
techniques. The purpose of fixation is to provide mechanical stability to enable faster 
healing of the bone, whilst minimising complications and achieving a good functional 
outcome [23]. Fracture fixation devices can either be internal or external to the body 
and can provide either absolute stability through compression of the fracture site, or 
relative stability using splinting techniques. Devices that provide absolute stability 
include internal devices such as compression plates or lag screw fixators. Splinting 
techniques provide relative stability to the fracture. Internal devices include 
intramedullary nails and bridge plates whilst external devices may include casts and 
external fixators.  
2.3.2 Compression 
Interfragmentary compression fixation techniques to provide the fracture with 
absolute stability inducing primary fracture healing. This can be achieved with the use 
of lag screws and compression plates (Figure 2.5) [3, 23]. In fractures stabilised by 
compression plating, the fractured cortical ends are compressed in a rigid manner such 
that there is no motion between the fracture ends [3, 23, 28, 41-43]. This creates a low 
strain environment throughout the fracture, allowing primary bone healing with little 
or no external callus [23, 44]. In contrast to secondary bone healing, primary healing 
is a slow process [42]. Clinically, it is difficult to monitor the progression of healing 
with compression plates with only the use of radiographs, as such the re-operation rates 
has been reported at 10 % [45].  
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Figure 2.5: Radiograph of an ankle. A compression plate with cortex screws was used to fix 
the fibular fracture while the medial melleolar fracture has been fixed with two cancellous 
screws (reproduced with permission [28]) 
2.3.3 Splinting
Splinting fracture fixation techniques provide relative stability to the fracture and 
hence induce healing through a secondary fracture healing process. Splinting 
techniques used to stabilise fractures include external fixators, bridging plates and 
intramedullary nails.  
External fixation methods align the fractured bone ends, using percutaneously 
placed pins secured to external scaffolding in the form of bars or rings, which provide 
support to the fracture site. These elements can be constructed to form unilateral, 
bilateral, circular or hybrid external fixation frames. The aim of the fracture fixation 
technique is to anatomically align the bone fragments and while achieving sufficient 
stability to enable healing. External fixators allow micromotion of the fracture, which 
encourages early formation of callus and enables early weight bearing for the patient 
[23, 46, 47]. The stiffness of the fixation is dependent on a number of factors including 
the number of bone screws, the diameter of the screws, and the distance between the 
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connecting rod of the fixator and the bone surface (Figure 2.6) [48]. Clinically, these 
devices are used in a number of different situations: as a definitive fracture treatment 
device, particularly when the fracture is accompanied by an open soft tissue wound; 
for temporary or emergency stabilisation; and for limb reconstruction, including limb 
lengthening, deformity corrections or treatment of non-unions [48, 49]. However 
because the fixation is external to the body, this can make it susceptible to pin 
infections [48].  
  
Figure 2.6: Example of a unilateral external fixator. A number of geometric parameters 
influence the stiffness of the external fixation. These parameters include the diameter of the 
screws (d), diameter of the connecting bar (D), free length between the bar and bone (L), 
shortest distances between inner screw and fracture (L1 and L2), distance between connecting 
bars (L3) and distance between screws (LS) (reproduced with permission [48]). 
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Internal splinting of fractures can be achieved through the use of bridge plating. 
This type of plating differs from the compression plating of fractures as there is no 
contact between the plate and bone, some movement is allowed between the fracture 
surfaces encouraging callus formation, as well as preservation of the periosteal blood 
supply [23].  
Intramedullary nails are also a splinting technique, whereby a metal rod (or nail) 
is inserted into the medullary cavity of the bone. They are most commonly used in 
long bone fractures of the humerus, tibia and femur (Figure 2.7). Fractures fixed with 
intramedullary nails heal via secondary bone healing as these devices allow for 
movement between the fracture ends. This technique does cause some disruption to 
the endosteal blood supply of the bone through the reaming and nailing process [48] 
Unreamed intramedullary nails can also be used, reducing the damage to the blood 
vessels; however bony union and infection rates are similar between reamed and 
unreamed nails [50]. The torsional stability of these implants can be improved by the 
inserting of locking screws in the proximal and/or distal ends of the nail, perpendicular 
to its long axis [23, 51]. The stability of the fixation is determined by its fit within the 
intramedullary canal, the material and mechanical properties of the nail, and the 
mechanical properties of the locking screws [23, 51, 52].  
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Figure 2.7: Intramedullary nail fixation used to stabilise a spiral distal tibial fracture a) before 
and b) after fixation. The insertion of interlocking screws in the proximal and distal ends of 
the fixator provides axial stability (reproduced with permission [28]). 
2.3.4 Complications 
Fracture union is defined clinically as the stage of fracture healing when there is 
no pain or motion at the fracture site in response to physiological stress, and/or the 
patient can exercise with full, pain-free weight bearing without additional support (for 
lower limb fractures) [53]. However despite the substantial capacity of the body to 
repair bones, not all fractures spontaneously heal. Fracture non-union or delayed union 
prolongs morbidity and delays the return to function of the fractured limb. The 
incidence of non-union is highly dependent on a combination of injury and host 
factors, with the overall occurrence rate being reported as 5-10 % of long bone 
fractures [4-6]. 
 22 Chapter 2: Literature Review 
Non-unions occur when periosteal callus formation ceases prior to bony 
bridging, leaving union of the fracture fragments dependent upon the endosteal healing 
[53]. Several adverse mechanical and biological factors influence the occurrence of 
non-union. Examples of this include excess motion or conversely, inadequate 
stimulation, loss of blood supply, a large interfragmentary gap, or severe trauma to the 
periosteum and surrounding soft tissue [54, 55]. Non-unions can be classified into two 
broad categories, hypertrophic or atrophic non-unions [4]: 
x Hypertrophic non-union (Figure 2.8) – occurs when the fracture site is 
hyper-vascular and retains biological potential. In this case there is 
good vascularity but unstable fixation, such that healing progresses to 
form a cartilaginous soft callus that cannot calcify to bridge the fracture 
[24].  
x Atrophic non-union (Figure 2.8) – occurs when that the fracture site is 
hypo-vascular, inert and seemingly incapable of biological activity. In 
this situation the fracture gap may be elongated with the bone ends 
being resorbed and rounded [23, 53]. This scenario requires more than 
optimisation of the mechanical environment to attain a union. Potential 
treatments include the use of growth factors to restore the biological 
potential of the regeneration site.  
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Figure 2.8 Radiological images of a femoral upper diaphysis hypertrophic non-union (left) and 
a tibial diaphysis atrophic non-union (right) (reproduced with permission [7]). 
Without intervention, delayed or non-union fractures may progress to the 
development of a pseudarthrosis. In this situation, the bone is covered by fibrous tissue 
or fibrocartilage surrounded by a bursal sac containing synovial fluid, forming a false 
joint [56].  
2.3.5 Fracture Motion 
Interfragmentary movement (IFM) is the movement between the fracture 
fragments and occurs due to mechanical stimulation from physiological or external 
loading of the fractured limb. It has been demonstrated that IFM has a determining 
influence on the healing outcome [10, 14, 39, 40, 57-64]. The amplitude and direction 
of the movements are determined by the stiffness of the fixation device and the load 
applied to the fracture, by a combination of weight bearing, and muscle forces [65-67]. 
Many clinical and experimental studies have tried to characterise the influence 
of these movements. Thus far it has been clearly demonstrated that rigid fixation of a 
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fracture minimises IFM and results in limited callus formation [13, 32, 44, 49, 62]. 
Conversely, excessive motion in highly unstable fractures does not allow bone 
mineralisation or revascularisation within the fracture gap and will lead to a non-union 
[4, 34, 68-73]. As such, determining the optimal magnitude of IFM has been the target 
of numerous in vivo investigations [9-11, 39, 48, 57-62, 67, 74-91]. 
Goodship and Kenwright [14] investigated the effect of controlled 
micromovement with a 3 mm tibial osteotomy in a sheep model. A loading regime of 
500 cycles per day was applied using a pneumatically driven cylinder attached to an 
external fixator. A force of 360 N at a frequency of 0.5 Hz was applied, creating an 
initial axial IFM of 1 mm and resulting in greater callus formation and superior callus 
stiffness than a rigid control group. The authors varied the parameters of the applied 
stimulus in a subsequent study [83], demonstrating that smaller axial IFMs (0.5 mm) 
and application with a lower force (200 N) led to further improvements in the 
mineralisation of the fracture callus and thus the increase in fracture stiffness.  
The effect of strain rate was investigated by Goodship et al. [13] where they 
showed that short term cyclic IFM applied at a moderate strain rate (40 mm·s-1 and 
400 mm·s-1) induced a greater periosteal callus response than the same stimulus 
applied at a low (2 mm·s-1) strain rate. This study also identified that if the stimulus 
was delayed until after the initiation of ossification and bony bridging [67], the positive 
benefits of cyclic loading are eliminated. Stimulating the fracture 1 week post-
operatively showed significantly greater healing compared to 6 weeks post-
operatively, suggesting that the delayed healing could be attributed to a lack of 
stimulation during the proliferative phase of the healing process. 
The number of loading cycles applied during healing is also an important 
variable to control however this can be difficult to assess experimentally without the 
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isolation of functional loading. Hente et al. [82] investigated the influence of 0, 10 and 
1000 cycles, however the number of cycles resulting from functional loading 
throughout the experiment was not controlled. It was observed that for a higher number 
of loading cycles, there was a greater periosteal callus response. This however 
provided no information as to the quality of the healing outcome, with no analyses on 
upper and lower loading cycles performed. Notably, it can be clearly observed that 
unilateral fixation alters the strain gradient within the interfragmentary space, resulting 
in greater callus formation in the cortex furthest from the fixator, where the 
compressive strains are of the greatest magnitude (Figure 2.9).  
Many in vivo experiments have been conducted that isolate the direction of 
loading (Figure 2.10), such as axial, torsional and shear, to determine their impact on 
fracture healing [75, 83, 86, 91-95]. Claes et al. [60] showed that compressive axial 
IFM between 0.2 and 1.0 mm in a 3 mm osteotomy was beneficial to fracture healing, 
whereas IFM greater than 2 mm led to poor healing outcomes. However, clinical and 
experimental studies confirmed that considerable interfragmentary shear can occur due 
to asymmetries in both the fractures and fixation device [65, 94-96].
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Figure 2.9 Radiographs of experimental tibiae, with greater periosteal callus formation on the 
far side of the external fixation, where a greater compressive displacement was induced. A 
greater periosteal response was observed when a greater number of cycles were applied to the 
fracture (reproduced with permission [82]). 
In contrast to axial compressive loading, tensile, torsional and shear movements 
of similar magnitude were shown to hinder the healing process [38, 91, 97, 98]. In a 
study conducted by Augat et al. [92], shear movement resulted in healing with 
decreased periosteal callus formation, delayed fracture healing and inferior mechanical 
stability when compared to the axial movement (Figure 2.10). The combination of high 
axial strains (47 %) and shearing motion, as demonstrated by Schell et al. [99], also 
appeared to inhibit healing and lead to a non-union.  
 Chapter 2: Literature Review 27 
 
Figure 2.10 Histologic appearance of bone healing where the predominant loading was A) 
axial compression and B) interfragmentary shear (reproduced with permission [92]). 
As interfragmentary gap size changes the mechanical environment within a 
fracture, it has been shown to influence the healing outcome. Experimental studies 
conducted by Claes et al. [59] and Augat et al. [100] investigated fracture gap sizes of 
1, 2 and 6 mm, with initial axial strains implemented as 7 or 31 %. It was found that 
increasing the size of the gap resulted in poorer mechanical and histological outcomes, 
with significantly reduced strength and bending stiffness for these groups.  
2.3.6 Assessing the rate of Bone Healing 
Throughout the bone healing process, IFM will decrease due to an increase in 
stiffness of the healing tissues. During normal bone healing, IFMs are largest during 
the initial stage of healing, when the callus is filled with haematoma and soft fibrous 
tissue (Figure 2.11). In this stage, the fracture callus exhibits low strength, low stiffness 
and large elongation, whereby as healing progresses this is replaced by a harder, stiffer 
A B
 28 Chapter 2: Literature Review 
material phase, consequently eliminating all IFM [101]. The upper and lower portions 
of the curve (Figure 2.11) represent the remodelling and reparative phases of healing, 
while the sudden increase in stiffness in the intermediary phase can be attributed to 
bony bridging of the fracture gap [102-104]. The rate at which the reparative tissue 
advances towards the fracture gap is likely to determine the rate of healing, an avenue 
of research that has been thoroughly investigated with few clear conclusions. This 
sigmoidal relationship has been described in small animal studies when comparing 
callus stiffness over time [101, 105]. Similarly in ovine fractures, an exponential 
increase in stiffness was observed between weeks 2-8 prior to the remodelling phase, 
depending on the model used [61]. 
It has been shown that IFM in the early stages of healing can positively influence 
the rate of healing [84]. In a clinical study of tibial fractures, all patients were treated 
with a rigid fixation, where one group had early axial movements applied in the first 
1-3 weeks following fracture and the other group was not loaded [84]. Earlier bending 
stiffness levels equivalent to clinical union were achieved more rapidly in patients with 
early axial movement (17.9 weeks), compared to the unloaded patients (23.2 weeks). 
However, later experimental studies demonstrated that early instability prolongs 
and/or inhibits bone healing [65, 106], thus this phenomenon will be further 
investigated.  
When strain is applied to the fracture late in the healing process, it can inhibit 
callus development [13], and mineralisation [67]. Epari et al. found that calluses which 
healed under rigid fixation were found to have higher torsional stiffness after 6 weeks 
than the less rigid fixation. The study concluded that instability within a fracture 
prolongs the chondral phase of healing, during which cartilage is mineralising to bone.  
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Figure 2.11: Throughout the normal bone healing process, interfragmentary movement (red) 
is at its greatest during the early stages of healing and decreases as the tissues within the 
fracture mature. It ceases as the fracture callus bridges (dashed vertical red line). Conversely, 
callus stiffness (green) increases as healing progresses with maximum stiffness (dashed green 
vertical line) often occurring following bony bridging as the entire callus mineralises 
(reproduced with permission [12]). 
2.3.7 Modifying the Mechanical Environment 
These studies clearly show that IFM has a significant influence on bone healing, 
however exactly how different types of movement influence the biological process of 
bone repair is not well understood. Some authors believe that the optimal IFM might 
be different at various stages of healing [12, 40, 107]. This concept led to experimental 
and clinical studies where the mechanical stimulus was altered at different stages of 
the healing process by means of changing fixator stiffness; this process was termed 
dynamization.  
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Dynamization is the process where the stiffness of a fixator is reduced during 
bone healing to increase the IFM through physiological weight bearing and muscle 
contraction [40, 107-109]. There are two different methods of dynamization: axial and 
elastic dynamization. Axial dynamization uses a telescoping mechanism within the 
fixation device that allows free axial movement and closure of the fracture gap, as well 
as inducing an increase in IFM [107, 110, 111]. This process has been studied both 
experimentally and clinically. Elastic dynamization involves the destabilisation of the 
fixator frame from a stable to a more flexible fixation, which causes an increase in 
IFM while holding the fracture gap constant [107, 108]. Although both axial and 
elastic dynamization have been used experimentally and clinically in the treatment of 
fractures, it remains unclear at which time point during the healing process 
dynamization should be applied.  
An experimental study in dogs examined the effect of axial dynamization using 
a telescoping mechanism versus elastic dynamization through the destabilisation of the 
fixator [112]. These processes were applied two weeks postoperatively. After two 
months of healing it was found that there was no significant difference in 
biomechanical properties between the two groups. However, this study was limited 
through a lack of comparable control groups by not including a constant fixation 
stiffness group. It also provided no insights into the timing of application of the 
dynamization process.  
A study in rats conducted by Claes et al. [107, 108] investigated the effect of 
early and late elastic dynamization on bone healing. This model used an external 
fixation system that controlled the biomechanical environment and maintained the 
fracture gap (Figure 2.12). Elastic dynamization was achieved through destabilisation, 
where the inner fixator bar was removed, thereby decreasing the stiffness of the 
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fixation. Assuming the load bearing capacity of the operated leg did not change, this 
led to an increase in the IFM.  
The results of this study showed that early dynamization, 1 week 
postoperatively, led to significantly lower flexural rigidity compared with constant 
rigid fixation. It also showed that there was no significant difference in flexural rigidity 
of the callus, callus volume, or bone mineral density between early dynamization and 
constant flexible fixation groups. These results indicate that rigid fixation for 1 week 
followed by flexible fixation for 4 weeks does not induce improved healing compared 
to flexible fixation for 5 weeks. This study cannot therefore confirm a positive effect 
of increasing IFM early during the fracture healing process, indicating that the 
improved fracture healing found through early dynamization in the aforementioned 
studies was through the effects of closing the fracture gap. 
These results are similar to a study conducted by Utvag et al. [89], where it was 
demonstrated that dynamization of intramedullary nails after 20-30 days of healing in 
a rat femoral fracture model resulted in increased callus formation [89], but decreased 
bone mineral content compared to rigid nails. The results from the late dynamization 
groups at 3 and 4 week postoperatively showed that they had similar flexural rigidity 
and bone mineral density to the rigid group, and that was significantly higher than the 
early dynamization and flexible groups. The results showed that the 4 week 
dynamization group had a significantly greater elastic modulus and significantly 
smaller callus bone volume compared with the rigid group. These parameters suggest 
that there were increased bone properties at the level of the osteotomy and advanced 
remodelling occurred in the 4 week group, indicating more advanced healing. These 
data suggest that once bony bridging has started, dynamization may accelerate the 
bone remodelling processes. 
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Figure 2.12: Illustration of the fixator construct used in the dynamization study [107, 108]. For 
the more rigid configuration, two bars were used on the fixator, with the offset between the 
inner bar and the lateral surface of the bone set at 6 mm. For the flexible configuration, one 
fixator bar was used with a 15mm offset from the surface of the femur (reproduced with 
permission [107, 108]). 
A clinical study assessing the healing rates of patients using the Dynamic Axial 
Fixator (Orthofix) was conducted to assess the timing of dynamization [113]. The 
healing process was compared between 22 pairs of patients, one with dynamization 
occurring in the first 4 weeks postoperatively, and one patient with dynamization 
occurring after 4 weeks. The timing of the dynamization process was determined at 
the surgeons’ discretion, defined by when the fracture site was deemed to have 
evidence of radiological bridging, and when the patient was able to walk independently 
without pain. Patients were paired based on four factors: age, site of tibial fracture, 
stability of the fibula and Gustilo wound grading. These factors were selected as they 
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were thought to be the most likely to affect the rate of healing. This study showed that 
healing rates can be significantly improved through early dynamization - within four 
weeks postoperatively. Furthermore, this study also found that early dynamization was 
more advantageous over late dynamization [113]. However, it should be noted that this 
study did not include a group with a constant stiffness fixation throughout the healing 
period, and therefore it cannot be conclusively confirmed that dynamization in fact 
caused improved healing.  
In a similar clinical investigation of axial dynamization using the Orthofix 
external fixator, patients were divided into three treatment groups [114]. Group 1 
consisted of patients with a standard Orthofix external fixator. Axial dynamization was 
carried out four weeks postoperatively. Group 2 had a modified fixator which 
contained a silicone cushion. This allowed the fixator to shorten by 2 mm under a 
deforming force of 200 N and return to its original length when the force was released. 
Axial dynamization was performed at four weeks postoperatively for this group. Group 
3 patients had a cushioned fixator like that in group 2, but it was left in the unstable 
configuration for the entire healing period. The results of this study showed that in 
scenarios where axial dynamization was performed leading to a closure of the fracture 
gap, an improved healing outcome compared to limiting the IFM to 2 mm [114]. This 
indicates that rather than an increase in IFM, the positive outcomes of performing axial 
dynamization are caused by the closure of the fracture gap.  
Both of these clinical studies suggest that early dynamization stimulates the 
fracture healing process, however isolation or non-inclusion of the telescoping 
mechanism is required to provide clarity on the effects of decreasing fixation stability. 
While these studies both used the same fixator, the results are difficult to compare as 
the test conditions vary greatly between each study.  
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In summary, results from experimental and clinical dynamization studies are 
somewhat contradictory. From a clinical point of view, early dynamization studies 
were beneficial only when closure of the fracture gap was permitted, rather than from 
an increase in IFM alone. This might indicate that elastic dynamization should not be 
performed prior to callus bridging, although potential benefits may be achieved late in 
the healing process through enhancement of the remodelling phase. The concept of 
dynamization itself is in contrast to the outcomes of studies describing the rate of 
healing where initial mechanical stimulation is found to accelerate the healing 
response [13, 83, 84].  
2.4 MECHANOBIOLOGY DURING BONE HEALING 
Mechanobiology describes the mechanisms by which mechanical loads and 
physical conditions regulate biological processes [38, 48, 66, 115, 116]. The local 
mechanical environment at the fracture site can be determined through these factors, 
and it provides the mechanobiological signal for the regulation of the fracture repair 
process and the stimulation of cellular reactions [66]. 
2.4.1 Mechanical Stimuli on Cells 
The concept of mechanobiology whereby biological processes (cellular level) 
are regulated by mechanical loads, was originally described by Roux in the late 1800s 
(as discussed by Pauwels, 1980; Claes and Ito, 2005). His theory of functional 
adaptation proposed that mechanical irritations in the fracture environment stimulated 
the formation of three different types of supporting or connective tissues [117]. Based 
on this theory, compression was the specific stimulus for the formation of bony tissue, 
tension stimulated connective tissue and relative displacement (tissues moving relative 
to each other) together with compression or tension was the stimulus for cartilage 
tissue [117]. 
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Pauwels, drawing on these ideas from Roux, developed a theory for tissue 
differentiation in response to the local mechanical stresses [117]. He suggested that 
further examination of stress and strain invariants (scalar quantities that are 
independent of a coordinate system) could supply important information. These scalars 
can be calculated from the full stress and strain tensors. Two stress invariants are 
octahedral shear (or distortional) stress, S, and hydrostatic (or dilatational) stress, D. 
These are defined as: 
 ܵ ൌ ͳ͵ඥሺߪଵ െ ߪଶሻ
ଶ ൅ ሺߪଶ െ ߪଷሻଶ ൅ ሺߪଷ െ ߪଵሻଶ (2Ͳ1)
 ܦ ൌ ͳ͵ ሺߪଵ ൅ ߪଶ ൅ ߪଷሻ (2Ͳ2)
where ɐ1, ɐ2 and ɐ3 are the principal stresses. The corresponding strains are octahedral 
shear (or distortional) strain, and volumetric strain. In a compressible, elastic, isotropic 
material, hydrostatic stresses cause a change in material volume, or volumetric strain, 
but no distortion. Conversely, octahedral shear stress causes material deformation, or 
distortional strain, but no change in volume (Figure 2.13).  
 
Figure 2.13: Deformation of elementary particles of a cube of isotropic elastic material under 
A) biaxial tensile forces, increasing in volume but retaining the same shape and B) under 
shearing forces, where the volume remains constant but the spherical shape is deformed to an 
ellipsoid (adapted with permission [117]).  
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Pauwels [117] proposed that hydrostatic compression, causing a volumetric 
change, would result in cartilage formation, and that distortional stress or elongation 
would result in fibroblastic differentiation (fibrous tissue). His theory is presented in 
Figure 2.14 where deformation of shape (shear) is indicated on the horizontal axis and 
hydrostatic compression on the vertical axis. It can be seen that a combination of these 
stimuli will influence tissues formed within the fracture, leading to hyaline cartilage, 
fibrocartilage or fibrous tissue. Depending on the stimuli, intramembranous or 
endochondral bone formation will ensue, and finally through remodelling, a lamellar 
bone structure may be formed. 
 
Figure 2.14: A schematic representation of Pauwel's hypothesis regarding the influence of 
mechanical stimuli on tissue phenotype development (reproduced with permission [117]). 
2.4.2 Interfragmentary Strain Theory 
Based on qualitative observations from clinical fracture healing, Perren and 
Cordey [63] proposed a much simpler theory, the "Interfragmentary Strain Theory" 
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[63, 64], whereby tissue differentiation was controlled by the tolerance of various 
tissues to strain. The basis of this theory is that a tissue cannot be produced under strain 
conditions which exceed the elongation at rupture of the given tissue element. Only 
the tissues that can withstand this interfragmentary strain without rupturing can exist 
in the fracture gap. The interfragmentary strain (IFS) is defined as the magnitude of 
interfragmentary motion (axial) divided by the fracture gap size. 
ܫ݊ݐ݁ݎ݂ݎܽ݃݉݁݊ݐܽݎݕݏݐݎܽ݅݊ ൌ ܫ݊ݐ݁ݎ݂ݎܽ݃݉݁݊ݐܽݎݕ ݉݋ݒ݁݉݁݊ݐܨݎܽܿݐݑݎ݁ ݃ܽ݌ ݏ݅ݖ݁  (2Ͳ3)
Lamellar bone would theoretically rupture under a strain of 2 %, cartilage at 10 
%, and granulation tissue up to 100 % (Figure 2.15). Based on this theory, bone healing 
occurs by a progressive tissue differentiation from initial granulation tissue to fibrous 
tissue, cartilaginous tissue, and finally bony tissue. The formation of each tissue will 
stiffen the fracture gap, reducing the IFM and allowing progression to the next tissue 
type.  
This theory however only considers axial strains in the interfragmentary regions 
without consideration of radial or circumferential strains, and therefore cannot predict 
tissue changes in other regions of the fracture callus. Moreover, the theory was 
conceptualised from cases of primary bone healing and therefore does not account for 
a different or changing mechanical environment due to external callus formation. This 
theory would suggest that for a given IFM, an increasing gap size would produce a 
better healing result which is in direct contrast to later experimental results [59, 100].  
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Figure 2.15: Interfragmentary strain theory: A tissue cannot exist in an environment where the 
interfragmentary strain exceed the strain tolerance of the extracellular matrix of the tissue 
(reproduced with permission [63, 64]).  
Further investigations into the development of mechanobiological theories have 
since been conducted, with refinements made in terms of mechanical stimuli [118] and 
biological factors [119]; however these are based primarily on the initial theories. For 
this field of study to continue to advance, it requires both experimental and 
computational studies [34, 120, 121]. 
2.5 COMPUTATIONAL SIMULATION OF BONE HEALING 
In mechanobiology, computational models have been developed and used 
together with in vivo and in vitro experiments to quantitatively determine the rules that 
govern the effects of mechanical loading on bone cell differentiation and tissue growth, 
adaptation and maintenance [34, 120, 121]. Numerical models of the fracture callus 
have been developed to predict the pattern of mechanical stimuli in the healing tissue 
[2], since it has not been possible to measure them. Constant finite FE models [11, 
122] have been used to predict stress, strain and pressure distributions at particular 
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healing stages based on experimental evidence whereas dynamic models [73, 118, 120, 
123-132] simulate healing processes using time-dependent iterative loops. In most of 
these simulations, tissue development depends on local mechanical signals such as 
strain invariants, hydrostatic pressure or the strain energy density. Some models 
include biological factors like local concentrations of growth factors [119, 133], or 
concentrations of different cell types. The merits of each of these methods are 
discussed below.  
2.5.1 Tissues Modelled as a Single Solid Phase 
Building on the work conducted by Pauwels, Carter et al. [38] developed a new 
tissue differentiation theory which correlated new tissue formation with the local stress 
histories [38]. In the early callus material they proposed that compressive hydrostatic 
stress history dictates the formation of cartilage, whereas tensile strain history guides 
synthesis of fibrous connective tissue. Bone can only be formed in regions without 
significant levels of either of these stimuli (Figure 2.16). Unlike Pauwels, they also 
recognised the influence of vascular perfusion and proposed that low oxygen tension 
diverts cells down a chondrogenic lineage. Using FE models, Carter showed that 
normal differentiation patterns in fracture healing at various stages were consistent 
with patterns of pressure and strain in the fracture callus. This tissue differentiation 
theory is again limited however, as it only qualitatively describes the relationship 
between the ossification pattern and the loading history.  
The relationships employed by Carter et al. [38] have been further developed to 
investigate healing in oblique fractures [76], pseudoarthrosis formation [56], 
asymmetric fractures [134] and distraction osteogenesis [135].However, all of these 
studies are limited by not predicting tissue differentiation adaptively over time.  
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Figure 2.16: The relationship between mechanical loading history and tissue formation in a 
fracture callus as presented by Carter et al. (reproduced with permission [38]). 
Claes and Heigele [11] proposed the hypothesis that new bone formation in 
fracture healing occurs primarily along fronts of existing calcified tissue and that the 
type of bone healing (intramembranous or endochondral) is dependent on the local 
stain and stress magnitudes (Figure 2.17). The formulation of this theory involved a 
study that compared the local strains and stresses in the callus as calculated from FE 
models developed from histological findings from an animal fracture model. From this 
study, Claes and Heigele established intramembranous bone formation over the range 
of strain less than ±5 % and hydrostatic pressure less than ± 0.15 MPa (Figure 2.17). 
Conversely, endochondral ossification was stimulated with hydrostatic pressures less 
than - 0.15 MPa (compression) at strain levels of less than 15 %. All other loading 
conditions corresponded to the formation of fibrous cartilage or connective. These 
results were similar to that of Carter, however they defined the requirements in 
quantitative terms.  
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Figure 2.17: Tissue formation driven by different mechanical conditions within a healing 
fracture as  in a fracture callus based on the local mechanical conditions as hypothesised by 
Claes and Heigele (reproduced with permission [11]). 
Ament and Hofer [120] presented a healing simulation which implemented a 
fuzzy logic controller. This simulation used Strain Energy Density (SED) and the 
concentration of bone in neighbouring elements to control tissue differentiation within 
a fixed rectangular domain. Results from this study showed strong similarities to the 
work of Claes et al. [11], where the reduction of IFM induced formation of a typical 
in vivo callus i.e. periosteal expansion and endosteal bridging. This model is more 
advanced than previous studies as it simulates a dynamic change in the tissue 
properties which correspond to a change in mechanical stimuli. However the model 
was only verified against one interfragmentary strain case (IFS = 36 %), and as such 
it is not possible to determine the behaviour of the model under different initial 
interfragmentary stains, or different fracture geometries. It is also limited by 
representing tissues as linear elastic materials with numerous rules required to predict 
tissue differentiation, which may have the potential to over govern the fracture healing 
process.  
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2.5.2 Biphasic and Adaptive Finite Element Models 
Soft tissues primarily comprise collagen and water and as such can be considered 
as a two-phase or biphasic material. The interaction between the solid and fluid phases, 
where fluid flows through a solid matrix, gives rise to inherent viscoelasticity, a 
property which describes a delay or lag between initial stress or strain input and 
material response [136]. Viscoelasticity provides the tissue with a strain-rate 
dependent response that allows for dramatic changes in elastic modulus with varied 
loading regimens, and manifests properties such as creep or stress relaxation. 
Prendergast et al. [137] developed a model of tissue development at the surface 
of implants, using a biphasic poroelastic FE model (Figure 2.18). They proposed two 
biophysical stimuli: shear strain (deviatoric) in the solid phase, and fluid velocity in 
the interstitial fluid phase. Under high magnitudes of either of these stimuli, fibrous 
tissue would form and when both stimuli were low enough, bone formation could 
occur.  
Lacroix et al. [118, 127] then applied this algorithm in a 2D axisymmetric FE 
model, to investigate tissue maturation during fracture healing (Figure 2.19). This 
dynamic model could simulate a number of parameters in bone healing including 
intramembranous bone formation away from the fracture site, endochondral 
ossification occurring centrally, within the callus, the gradual stabilisation of the bone 
fragments as healing progressed, and callus resorption [127]. Lacroix et al. modelled 
cell concentrations, using a diffusive mechanism to simulate migration, proliferation 
and differentiation of cells. However, this was a limited representation as the 
maturation of the tissue was highly dependent on the cell density. This model was 
since further develop for osteochondral healing by Kelly et al. [138].  
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Figure 2.18: Mechano-regulation theory for tissue development at the surface of implants 
based on strain and fluid flow (reproduced with permission from [137]). 
 
Figure 2.19: Fracture healing theory based on strain and fluid flow (reproduced with 
permission [127]). 
2.5.3 Models of Callus Growth 
Throughout the development of the fracture callus, cell density, tissue 
distribution, and callus stiffness change over time, as does the shape and size of the 
callus. However, the studies described previously, neglected tissue volumetric growth. 
Garcia-Aznar et al. [121], following the theoretical basis proposed by Prendergast et
al. [137], modelled the fracture callus as an expanding formation from an initial 
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cylindrical geometry. The investigation used the second invariant of the deviatoric 
strain tensor as the stimulus for tissue differentiation, with volumetric growth modelled 
based on thermal expansion; aiming to characterise changing callus size, shape and 
tissue distributions for different load conditions.  
This technique was able to capture increased periosteal callus growth with 
increased IFM (Figure 2.20), however, the predicted callus geometries were not 
physiologically accurate at the boundaries. The model failed to account for initial 
immature callus tissue that surrounds the fracture fragments, which act as a medium 
within which differentiation occurs [139]. This study also predicted a negative 
correlation between initially applied interfragmentary strain and the rate of healing.  
 
Figure 2.20. Bone healing simulation produced by the volumetric growth model of Garcia-
Aznar et al. (2007). Increased load lead initially to larger calls growth however when increased 
to 750 N healing was delayed. (Figure adapted with permission from [121]). 
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Chapter 3: Hypothesis Conceptualisation and 
Development
3.1 INTRODUCTION
The rate and success of the healing of a bone fracture is determined largely by the 
mechanical environment. Identifying the mechanical stimuli that regulate the development of 
specific skeletal tissue phenotypes during healing can be applied to improve treatment of 
skeletal injuries. Many studies have identified interfragmentary movement (IFM) as the most 
important mechanically-determined parameter of fracture healing [14, 60]. These IFMs, or 
relative movements of the fracture fragments, are governed by a complex relationship between 
fixation stiffness, fracture gap size and configuration, and limb loading (weight bearing and 
muscle forces) [40, 90, 140]. IFMs are typically largest post-operatively, when the callus 
predominantly comprises haematoma and soft fibrous tissue, and decline over the course of 
healing as the tissues mature and mineralize into new bone. The size of the callus formed during 
healing is related to the magnitude of IFM [30, 59, 60], with the amplitude and direction of 
IFMs influenced by the stiffness of the fixation device [65, 66]. Extremely rigid fixation 
suppresses callus formation [14], conversely instability created by overly flexible fixation leads 
to formation of large callus that can fail to bridge, also known as a hypertrophic non-union 
[141]. Moderate IFMs are known to reliably produce a good healing outcome [14, 30, 60, 79, 
140].  
The influence of mechanics on the healing outcome is well established, however it is not 
clear which stages of repair are most sensitive to mechanical stimulus. The multiple stages of 
the healing process may all respond differently to biophysical stimuli, with strain, pressure and 
fluid flow [9, 11, 118] all likely to induce cellular responses that may also vary over time.  
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Although fractures may heal under a broad spectrum of mechanical conditions, the 
modification of fixator stiffness has the potential to enhance tissue regeneration by combining 
desired mechanical stimulation during periods of healing, and shielding tissues from potentially 
disruptive IFMs when stimulation is not required [12].  
The first stage of healing is inflammation, which involves the formation of a haematoma. 
A haematoma callus is largely rubber-like; it exhibits low strength, low stiffness, and may be 
subject to large elongation without inducing material failure [11, 142, 143]. However, despite 
such material properties, it has been shown that when the haematoma is undisturbed during 
initial healing, it may lead to a positive healing outcome compared with unstable conditions 
[144].  
The repair phase of healing can be further broken into a proliferative phase and a callus 
consolidation phase, both of which may be sensitive to different mechanical conditions. It is in 
the proliferative phase that the fracture callus develops calcified regions along the cortex of the 
bone whilst cartilage formation begins in the fracture gap, with the IFM magnitude determining 
the size of the callus. Flexible conditions with larger IFMs will produce a larger callus than 
fixation under stable conditions with small IFMSs [10, 38]. The formation of a larger 
mineralized callus through intramembranous ossification, acts to increase the load-sharing area 
and thereby reduce tissue strains in the fracture gap. 
At this stage of healing, the proliferative soft callus within the intracortical region has a 
high strain tolerance. However, as healing progresses and the fracture gap narrows during the 
consolidation phase, the same relative movement of the fracture fragments can produce larger 
tissue strains, exceeding the strain tolerance of the callus inhibiting ossification of this region. 
Studies have demonstrated that that healing periods may be lengthened unnecessarily by the 
influence of tissue stresses that cause callus failure demonstrated by experimental models when 
excess displacements are imposed on healing fractures at this stage [67]. Thus, it may be 
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inferred that mineralization and bridging of the callus may be impaired by excessive tissue 
strains manifesting through large IFM, and for bony bridging to occur the fracture requires 
stability. Likewise, Kenwright and Gardner [145] demonstrated faster bone healing when 
loading through the fracture is reduced as healing progresses. Hence, it may be beneficial to 
stiffen fixation during the callus consolidation phase to reduce the IFM and resulting tissue 
strains, enabling mineralization and bony bridging through eliminating potentially disruptive 
loading events. In addition, the increase in fixation stiffness would also provide the stability 
needed for revascularisation. 
In the final phase of healing when bone remodelling is occurring, a flexible fixation 
would be most advantageous to accelerate this process, as demonstrated in the dynamization 
study [107, 108]. However as this phase occurs after callus bridging, at a time when the bone 
is capable of bearing loads, optimising or accelerating this phase is not as critical as it is for the 
healing stages prior to bridging.  
We therefore hypothesise that healing times of fractures in long bones can be reduced by 
the implementation of an appropriate mechanical environment that is purposefully modulated 
as healing progresses. We propose that it may be most beneficial to flexibly stabilise the 
fracture during the earlier stages of healing to enhance the healing response by promoting larger 
callus formation which decreases tissue stress, and then increase fixator stiffness, allowing 
callus maturation and remodelling to occur (Figure 3.1).  
There is no experimental or otherwise obtained evidence in support of this mechanism 
and to what degree the magnitude of biophysical stimuli may be modulated. Direct 
measurement of the biophysical stimuli in the healing tissue is not feasible. Whilst some 
attempts have been made to measure mechanical stimulus in vivo (e.g. pressure) [36], these 
techniques do not provide information as to the distribution of these stimuli throughout the 
callus. Computational methods such as FE models offer a possibility to investigate the 
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mechanical environment and have been used previously to estimate the magnitude and 
distribution of potential biophysical stimuli in a fracture callus [11, 80, 118, 126, 146]. 
 
Figure 3.1: The hypothesised benefits of modifying fixation stiffness (increasing) on interfragmentary 
movement (left) over the course of bone healing. Increasing fixation stiffness will decrease the time 
taken for IFMs to reduce compared to flexible fixation and potentially stable fixation (reproduced with 
permission [12]). 
The aim of this theoretical investigation is to analyse the influence of the size of the early 
hard callus on the biophysical stimuli in the remaining soft callus. We hypothesise that a larger 
early hard callus will lead to lower magnitudes of strain and pressure in the callus. In this study 
a previously validated computational model is used to investigate the mechanical environment 
of a fracture callus with different configurations of early hard callus [11]. 
3.2  MATERIALS AND METHODS 
Two-dimensional axisymmetric FE models of a diaphyseal bone fracture callus were 
generated in ANSYS Workbench version 15 (ANSYS, Inc., Canonsburg, USA). The model of 
the fracture callus was based on that previously described by Claes and Heigele [11]. Mirror 
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image symmetry through the osteotomy (x) and rotational symmetry along the long bone axis 
(y) were assumed and therefore a quarter of the total geometry was modelled (Figure 3.2). 
 
Figure 3.2 One quarter FE-model of the callus region (reproduced with permission [11]). 
A model of the initial callus prior to bone formation identical to that presented by Claes 
and Heigele [11] was created and analysed for comparison. Subsequent models were created 
to be representative of an approximate 3 week time point based on the morphological patterns 
of healing in a previously described animal study [67]. In the first model a small mineralised 
hard callus was modelled, and in the second a larger mineralised hard callus. The sizes of the 
mineralised calluses were based on those observed by Epari et al. [67], while the inner and 
outer diameters of the cortical bone was modelled at 12 mm and 16 mm, respectively [11]. The 
external diameter of the periosteal tissue area was constant in all models at 32 mm. 
Similar to Claes and Heigele, meshing was performed using 8-node quad axisymmetric 
elements. The mesh was found to converge sufficiently with approximately 5,000 elements. 
For testing the mesh convergence, an additional analysis was performed by increasing the 
number of elements (approx. 10,000 elements), to evaluate strain and hydrostatic pressure 
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under the cortical fragments and to confirm these elements showed the highest strain and 
hydrostatic pressure values. 
 
Figure 3.3 From left to right: One quarter model of initial state and early state with small mineral callus 
(3 mm width) and early state with large mineral callus (6 mm width). Initial connective tissue (ICT), 
cortex (C), mineral callus (CA) and facia (F). 
In the initial healing stage, the callus consisted of connective tissue only. In the later (3 
weeks) model, the callus contained a mineralised hard callus adjacent to the periosteum, while 
the remainder of the callus consisted of connective tissue. Due to order of magnitude difference 
in the material properties of the mineralised callus (> 1000 MPa), and the connective tissue 
(approximately 3 MPa), the model was simplified and did not differentiate between 
intermediate and soft callus as in the study of Claes and Heigele [11]. This was justified on the 
basis that the mineralised callus undergoes negligible deformation and behaves as a rigid 
indenter in the connective tissue. Therefore, only the shape of the initial hard callus was deemed 
important.  
The initial connective tissue within the fracture callus is said to exhibit rubberlike 
behaviour, therefore we used the nonlinear hyperelastic Mooney-Rivlin Potential (ANSYS 15 
User’s Manual). The displacement pressure (u/p) finite element formulation was employed for 
calculating stress and strain in the initial connective tissue. Isotropic elastic linearity was 
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assumed for all other tissue types. The tissue material properties were taken from Claes and 
Heigele [11], and are reproduced in Table 3-1. 
The cortex was loaded with an axial force of 500 N. The boundary conditions were 
implemented following the model of Claes and Heigele where the displacement degree of 
freedom (DOF) of the nodes on the x-axis in the y-direction were set to zero; the displacement 
DOF in the x-direction of the nodes on the y-axis were restricted. For each healing stage, the 
global strain field and the global hydrostatic pressure distribution was determined. For the 
verification of our results, we compared the IFM, strain, and pressure from the initial healing 
stage with the results from Claes and Heigele [11].  
Table 3-1: Material properties of the different tissue types used in this model. 
TissueType ElasticModulus
(MPa) Poisson’sratio
MooneyͲRivlin
constants
Initialconnective
tissue(ICT) 3 0.4
0.293
0.177
Mineralcallus(CA) 6000 0.3 
Cortex(C) 20000 0.3 
Facia(F) 250 0.4 
 
3.3 RESULTS 
The strain and pressure fields for the model of the initial condition, were found to be in 
good agreement with the pattern of strain and hydrostatic pressure distribution found by Claes 
and Heigele [11](Figure 3.4).  
Under a 500 N axial load, the largest IFM (1.00 mm) occurred in the initial fracture 
callus, prior to the formation of the mineralised callus. A small periosteal hard callus (width = 
3 mm) produced an axial IFM of 0.48 mm, and a larger periosteal hard callus (width = 6 mm) 
reduced the IFM to 0.20 mm. An exponential relationship was found between the increase in 
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bone cross-sectional area and relative decrease in IFM throughout the fracture gap (Figure 3.5). 
Increasing bone cross-sectional area was directly proportional to increasing callus width. 
 
Figure 3.4 Strain and hydrostatic pressure fields in the initial fracture callus are comparable to those 
reported by Claes and Heigele [11] (adapted from [11]). 
Claes and Heigele [11] identified the importance of investigating areas of low (൏േͷΨ) 
and areas of high strain (൐േͷΨ) within the callus, based on comparisons between 
histological tissue distribution and calculated stain and hydrostatic pressure fields. Prior to the 
formation of the mineralised callus, the maximum strain in the gap was approximately 50 % 
and the hydrostatic pressure was 2.8 MPa (Figure 3.4). The maximum strain in the fracture gap 
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was reduced with a small periosteal callus to 30 %, which was further reduced with the larger 
callus model, to approximately 12 % (Figure 3.6). In the case of the small callus, it can be seen 
that high strains exist in the entire intracortical region, however as the callus size increases, a 
drop in strain can be seen in this region, with strain in some intracortical areas observed at less 
than േͷΨ. Similarly, a larger periosteal hard callus reduced the maximum hydrostatic 
pressure in the osteotomy gap from approximately 1.6 to 1.0 MPa.  
 
Figure 3.5 The reciprocal relationship between the cross-sectional area of the bone at approximately the 
line of the osteotomy and the resulting IFM. 
Examination of the peak strains and hydrostatic pressures along the ossification path for 
each model (Figure 3.7) show that in the initial condition the peak magnitudes occur at the 
fracture gap and decrease as the distance from the gap increases. However, with the presence 
of a hard callus, strain values are lowest at the cortex and increase in magnitude the greater the 
distance from the fracture gap. With hydrostatic pressure, it can be seen that it peaks at either 
extremity of the hard callus for both 3 mm and 6 mm models 
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Figure 3.6 Strain and hydrostatic pressure fields in the remaining soft tissue after the formation of 
mineral periosteal callus, for callus sizes of 3 mm and 6 mm.  
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Figure 3.7 Strain and hydrostatic pressures along the ossification pathway for initial conditions, 3 mm 
hard callus and 6 mm hard callus models. 
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3.4 DISCUSSION 
In this theoretical study, FE models were applied to investigate the influence the size of 
the early mineral callus on the mechanical environment with in a fracture callus. It was 
demonstrated that the width of the mineral callus alone has a significant influence on the IFM 
and thus the biophysical stimuli in the remaining soft callus. The FE model was based on that 
reported by Claes and Heigele [11] and included justifiable simplifications of geometry, 
material properties and loading.  
From the demonstrated models, it may be seen that the early mineralised callus formed 
by intramembranous ossification served to reduce the magnitude of strain and hydrostatic 
pressure in the fracture gap. Increasing the width of the hard callus increased the area of soft 
callus that is engaged in weight bearing and load transfer thereby reducing the IFM and 
corresponding biophysical stimuli. A reciprocal relationship was found between the area of the 
mineral callus and cortex surface in contact with the soft callus in the gap and the magnitude 
of the IFM. Consequently, relatively small increases in callus width result in substantial 
decreases in fracture movement. Once callus width reaches a certain size, there is only a 
marginal benefit of further increases. 
The results of this study illustrate the importance of the early hard callus formed by 
intramembranous ossification on the mechanical environment in the fracture region. A larger 
hard callus can be produced under more flexible fixation conditions, as demonstrated with 
histological analysis of an ovine bone healing model (Figure 3.8). This osteotomy was 
stabilised with a unilateral external fixator, whereby the predominant loading mode within the 
fracture gap is axial compression. However due to eccentric loading of the fixator, greater 
magnitude of IFM occur in the far cortex compared to the near cortex. The results of which 
demonstrate firstly, that the size of the hard callus produced is closely related to the local 
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mechanical conditions and secondly, that within the same time frame a larger callus can form 
when higher IFMs are present [12]. 
Applying this concept clinically, the ideal fixation would then be flexible fixation during 
the early stages of callus proliferation followed by stiffening to permit uninterrupted callus 
consolidation and bony bridging. The reduction in tissue strain in the fracture gap provides a 
more ideal environment for soft callus mineralisation and bony bridging, which has the 
potential to accelerate these processes compared to bone healing with a constant stable fixation 
stiffness.  
 
Figure 3.8 Histology section from an ovine osteotomy model after two weeks of bone healing, stabilised 
under unilateral external fixation on the medial side. The predominant loading is interfragmentary 
compression however due to the nature of the fixation, bending occurs, transmitting higher loads to the 
far cortex than the near, stimulating the production of a larger callus. (reproduced with permission [12]). 
The models presented in this study are not intended to give precise determination of strain 
and pressure values in the callus. Although this study is limited through the simplified geometry 
and ossification pathway, it provides a simple demonstration of the concept of reducing tissue 
strains by producing a larger hard callus through intramembranous ossification. This concept 
will be further investigated throughout this thesis by modulating fixation stiffness at different 
time points throughout the healing process. The predicted benefits of initial flexible fixation 
which is later stabilised have previously been stated as (1) shortened healing in comparison to 
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very flexible fixation and healing time comparable or faster than optimum fixation and (2) 
greater callus stiffness [12]. Where optimum fixation can be defined as a stable fixation 
stiffness that results in the shortest time to healing with respect to reduced IFM and time to 
bony bridging. 
3.4.1 Models to Investigate Mechanical Environment 
The proposed hypothesis of modulating fixation stiffness, will be investigated with the 
use of in vivo models combined with Finite Element (FE) modelling. Common in vivo models 
used in investigating the influence of mechanics on bone healing include large and small 
animals. Large animal models used include the dog, rabbit and sheep. The reasons for this are 
that the bone healing processes in these animals have been shown to closely follow that of 
humans and implants for fracture stabilisation, as well as surgical techniques are able to be 
transferred from clinical practice. Sheep in particular are frequently used as orthopaedic 
models. Advantages of using sheep models are that they begin to use their treated limbs for 
weight-bearing as soon as they can [147], whereas other animals such as dogs will not load the 
fractured limb because they can move well with the use of only three limbs. 
Small animal fracture models, namely rats and mice, have increased in prevalence in 
fracture healing studies over recent times [147]. The benefit of using a small animal model 
over a large animal model are that animal housing is easier and less expensive, space and 
housing requirements are significantly lower and breeding cycles are shorter with relatively 
fast availability of animals for large study groups [147]. Molecular assays and genetic 
manipulation of rodent models, particularly mice, also allow in-depth examination and 
signalling pathways and molecular mechanisms involved in fracture healing, that are not 
possible in larger animal models [148]. For these reasons, a wide number of fracture fixation 
techniques have been developed for use in rats and mice.  
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For this investigation, an external fixation system to stabilise femoral fractures in a rat 
model will be used. This external fixator has been recently developed at the Institute of 
Orthopaedic Research and Biomechanics, University Hospital of Ulm, and has been used in a 
number of studies investigating bone healing in rats [105, 149, 150], with a similar fixation 
system implemented by Claes et al. [107, 108] to investigate the effect of dynamization on 
bone healing. This fixator enables the modification of the degree of stability from flexible to 
rigid or vice-versa without the need for surgical intervention. For this study, it will be used to 
create initial flexible conditions which can then be modified to stiff fixation conditions as the 
healing period continues. 
As well as conducting an in vivo investigation, this hypothesis will be applied to and 
investigated with Finite Element modelling of fracture healing. Numerous mechanobiological 
algorithms have been developed to simulate the mechanical influences on fracture healing [11, 
73, 80, 118-126, 128-131, 151-153]. The results from the majority of these models have been 
compared against pre-existing experimental data. Our approach is to use a current model as a 
predictive tool to investigate the effect of reverse dynamization and to establish whether the 
model has the capacity to predict the effects of reverse dynamization.  
The FE model that will be used for this investigation is an extension of the one presented 
by Simon et al. [129] The mechanisms within this model will be assessed to determine how 
they predict tissue proliferation and differentiation for the applied stimuli. This predictive study 
will then be compared with the results from the in vivo experimental study to provide further 
corroboration of the model or to potentially reveal weaknesses in the model which may require 
addressing to improve its predictive capabilities. As the in vivo model for this investigation is 
a rat model and the FE model is based on sheep studies, it is important to consider inter-species 
variations when comparing the results. 
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3.4.2 Inter-species Comparisons 
It has been well established that the mechanical conditions of a fracture will influence 
the course of bone healing. Many studies have characterised the healing pathway in different 
species exclusively, however few have translated this across species. It is unknown whether 
different mechanobiological rules apply to different species and how this may affect the pattern 
of the healing tissue [154]. 
Two of the most common animal models used are that of the rat and sheep. Several rat 
osteotomy models stabilized with external fixators have been studied and it is clear that fracture 
healing progresses significantly faster in rats when compared with sheep (Figure 3.9) [154]. In 
the rat, the initial healing response is characterized by periosteal and endosteal bone formation 
[85] with bony bridging occurring 4-5 weeks postoperatively. However, in an externally 
stabilized sheep study there was no sign of endosteal intramembranous ossification in the early 
stages of healing and time to callus bridging was much longer [98]. These differences may 
indicate that bone formation in these models may be respondent to different mechanical stimuli. 
Rats also have a more primitive bone structure than sheep and humans as they don't have 
a Haversian system [147]. Rats remodel bone at the fracture site using resorption cavities that 
form near the fracture surface [155]. Osteoblasts fill in the resorption cavities as bone heals. 
This process has been shown to be similar to the Haversian remodelling in larger animals 
however there is little understanding of the importance of this anatomic difference between 
large animals, humans and rats.  
Checa et al. [154] performed an in silico investigation into the mechanobiological 
regulation of tissue regeneration across species to investigate whether the same 
mechanobiological model can explain the bone healing patterns observed in two different in
vivo bone healing situations. The results indicated that there was a significant difference in the 
mechanical stimuli within the callus region in the initial state of the model, which may have 
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contributed to the differences in the healing patterns at later time points. The higher levels of 
strain in the sheep may be a contributing factor as to why bone formation in the early stages of 
healing is not observed whilst significant amounts of bone formation are shown in the rat 
(Figure 3.9). Due to limitations in the model, it cannot be conclusively stated that fracture 
healing in these animals operates under different mechanobiological rules, however the 
findings suggest that careful consideration is required when transferring results from one 
animal to another.  
 
Figure 3.9: Histological sections of rat (top) and sheep (bottom) osteotomy models at different time 
points post-operatively. The rat model demonstrates a faster healing process when compared to sheep 
(reproduced with permission [154]). 
3.4.3 Defining Bone Healing 
The assessment of bone fracture healing is a clinically relevant and frequently used 
outcome measure following trauma. The outcome of fracture healing can be defined as the 
restoration of the mechanical properties of the fractured bone, such that the healed fracture 
achieves and maintains mechanical characteristics similar to those of the bone prior to fracture 
[156]. However this can be difficult to assess through non-invasive methods. Clinically, the 
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determination of bone fracture union is almost always based upon serial clinical and 
radiographic assessments [157]. More specifically these include a patient's pain response to 
weight bearing, pain during deflection of the fracture site, and radiographic assessment [29, 53, 
158]. Radiographic evaluation of fracture union includes several parameters such the 
assessment of the diameter and shape of the callus, monitoring the disappearance of fracture 
lines and cortical bridging or continuity [53, 102, 159, 160]. This overall process can be quite 
complex relying largely on judgment and experience of clinicians as no methods for 
quantitatively monitoring healing have been validated and implemented in treatment [53, 159, 
161]. Thus clinicians often exhibit caution by extending fracture treatment far longer than may 
be necessary. The imprecise nature of this definition makes it difficult to compare healing 
outcomes between different clinical and experimental scenarios. Therefore emphasis should be 
placed on defining this criterion when conducting an experimental fracture healing study.  
Experimentally, bone healing has often been defined by the strength or stiffness of the 
bone. The strength is measured by the maximum stress it can withstand before re-fracture. This 
is measured experimentally with bending or torsional loads applied to the bone until 
destruction. However due to the destructive nature of strength measurements, which prevent 
histological analysis of the specimens, a related parameter such as stiffness may be assessed 
for a non-destructive quantification.  
Stiffness describes the resistance of a material to deformation under an applied load. It 
has been shown that stiffness increases within fractured, healing bone tissue as healing 
progresses. Because measurements of stiffness are predominantly determined non-
destructively, they are used both clinically and experimentally to monitor bone healing. 
When performing stiffness measurements to determine progression of healing it is 
important to consider how this relates to the strength of the fracture callus. In a study conducted 
by Chehade et al. [162] investigated the relationship between stiffness and strength of tibial 
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fractures in sheep, it was found that the relationship between these two properties differed 
throughout the healing period. It was found that there was a strong correlation between stiffness 
and strength in the early phases of healing as they result from the same healing process: the 
formation of woven bone. After this phase, the organisation and remodelling of callus with an 
increasing amount of lamellar bone increases fracture strength with little or no effect on 
fracture stiffness. Hence increases in stiffness may be used to monitor changes in fracture 
strength until stiffness reaches approximately two thirds of the normal range. After this is 
achieved, stiffness can only determine a baseline of fracture strength.  
However as outlined above, stiffness measurements can produce large variability with 
experimental errors up to 60 %. Therefore callus stiffness should be de-emphasised as bone 
healing definition and instead used to correlate the mechanical changes in the callus to the 
progression of healing.  
Mechanical testing of bone can produce considerable errors [163] and is particularly 
challenging with small animal models due to the size of the bone. As such this parameter to 
assess healing should be coupled with radiographic, microcomputed tomographic (μCT) and 
histological assessment of the healing outcome. These evaluation techniques can give an 
overview of the cortical continuity of the bone fracture, the volume of bone produced, the 
quality of the bone produced and the tissue distribution throughout the callus. Coupled with 
mechanical integrity, these parameters can provide a much clearer outcome of the experimental 
fracture healing outcome. Panjabi et al. [164] studied correlations of radiographic analysis of 
healing fractures with strength using experimental osteotomies in rabbits. This study reported 
that the best single predictor of strength of a healing bone was cortical continuity. 
Therefore throughout this project, bone healing was assessed primarily by the formation 
of bone in the intracortical region restabilising the cortical continuity of the fractured limb. 
Further advances in the healing were evaluated by the quality and quantity of bone within the 
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fracture region, the resorption of bone within the medullary canal as well as remodelling of the 
periosteal callus. 
3.5 CONCLUSION 
Modifying the fixator stiffness during the healing period has the potential to enhance 
tissue regeneration. We hypothesize that bone healing will be enhanced with initial flexible 
fixation conditions which will be converted to stiff fixation during the later stages of repair. A 
simple axisymmetric FE study was conducted as a demonstration of the hypothesis whereby a 
larger callus lowered the tissue strain within the fracture gap and along the ossification front 
compared with a smaller callus. This investigation will be conducting using a combination of 
an in vivo small animal study and a computational Finite Element (FE) study. 
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Chapter 4: Computational simulation of 
fracture healing under modulation 
of fixation stiffness 
4.1 INTRODUCTION
Fixation stability has been shown to influence the rate and quality of the healing of bone 
fractures as it governs the mechanical environment within the fracture. The stability will 
determine the magnitude of movements between the fractured bone ends (IFM), through which 
mechanical stimuli to the local cells is provided. Loading causes deformation within the 
immature callus tissue, with this strain encouraging the adjacent pluripotent cells to 
differentiate down a specific cell lineage; osteogenic, chondrogenic or fibrogenic, depending 
on the strain magnitude and rate [165-167]. Under more flexible fixations, where greater strain 
magnitudes occur, cells are induced down a chondrogenic pathway, whilst conversely under 
very low strain, differentiation down the osteogenic pathway will be encouraged. 
Subsequently, the fracture fragments will reunite with a combination of bone formed by 
intramembranous (direct bone formation) and endochondral (via a cartilage intermediate) 
ossifications. 
There is conflict between experimental studies regarding the significance of mechanical 
stimuli on the rate of bone healing due to dissimilarities in the models used to investigate this 
parameter. For example, there is no standard methodology for loading during fracture healing 
[168]. This has been implemented actively [14], passively to allow a limited amount of 
movement [59], or using fixations of varied stiffness [65, 80, 98], all of which load the fracture 
differently in terms of magnitude and direction. Hence it is not only difficult to measure and 
monitor the mechanical environment in vivo, but also challenging to assess and interpret 
previous data [104]. 
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In order to overcome these limitations, finite element (FE) modelling has been explored 
extensively [11, 73, 118, 120, 123-132]. Numerical models of the fracture callus have been 
developed to predict physiological responses under various mechanical loads, and simulate 
their subsequent influence on tissue healing [2]. Current mechanobiological models are highly 
complex in terms of implementation of mechanical and biological factors, however model 
complexity does not ensure accuracy in determining biological outcomes. Further, 
interpretation of results from highly complex models becomes increasingly difficult due to an 
increased number of assumptions and estimations required in the initial definition of the system 
[34].  
Despite differences in FE model development - the majority of studies have attempted to 
quantitatively verify their simulations based on experimental data. However, if the 
experimental data are not obtained by the same investigators, sufficient information is not 
always available to adequately corroborate the FE model. Data presented in publication form 
may also fail to provide adequate information regarding tissue mechanical properties or 
boundary conditions. As such, qualitative comparisons are often used to establish model 
parameters. 
Whilst there are limitations within current mechanobiological models, they have 
potential to advance research in bone fracture healing and management through their 
implementation within the development of new clinical therapies, such as implant design, or 
bone tissue engineering [168]. However, the predictive power of the current methodologies 
needs to be rigorously analysed prior to their use in clinical medicine, to determine how 
accurately they simulate natural responses. This requires both quantitative and qualitative 
comparisons with physical evidence, which largely lie outside the domain under which the 
model was developed.  
 Chapter 4: Computational simulation of fracture healing under modulation of fixation stiffness 67 
The aim of this study was to use an established numerical algorithm that models the 
fracture healing process to predict the effect of changing fixation stiffness on the rate of fracture 
healing. The numerical algorithm used is a FE model developed by Simon et al. [129] from the 
Institute of Orthopaedic Research and Biomechanics, University Hospital of Ulm, based on the 
fracture healing process observed in previous sheep studies [60, 100, 140]. This axisymmetric 
fracture healing model was used herein and adapted by varying the stiffness of the fixator at 
different time points throughout the healing process. This study was intended to determine if 
the model can appropriately address the effects of the changing mechanical environment on 
tissue distribution, and on the length of time required for healing. The interfragmentary 
movement between the fracture ends was assessed, as well as the healing pattern of the fracture 
callus, with respect to cartilage and bone concentration. It was hypothesised that conditions 
where stable fixation provides ‘optimal’ mechanical stimulus would result in the fastest healing 
because this is a fixed domain model, and therefore changes in callus size based on the 
magnitude of mechanical stimulus would not be observed.  
4.2 METHODS
Simon et al. [129] developed a dynamic axisymmetric finite element model to simulate 
the interactions of mechanical stability, revascularisation and tissue differentiation during 
fracture healing [129]. The model will be described briefly, however as this model was not 
developed throughout this study and only adapted to test its predictive capacity, more specific 
details regarding model function and development may be examined in the relevant publication 
[129]. 
Load and boundary conditions for the FE model were based on previous animal 
experiments [40, 59]. The external fixator used in the previously performed animal experiment 
(Figure 4.1) was incorporated into the FE model to allow axial movement of the bone fragments 
up to a predefined magnitude, whilst limiting movement in all other directions (Figure 4.1). 
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This enabled the simulation of both stable and unstable conditions across the fracture gap, 
through the manipulation of the stiffness values of the fixator [100, 140].  
The numerical model described the healing process using three main state variables: 
blood perfusion, cartilage concentration and bone concentration. The model then predicted the 
stress and strain distribution throughout the fracture callus using time-dependent iterative 
loops. Solving of the model was conducted by applying fuzzy logic rules to the initial state 
(100 % soft tissue, 0 % cartilage, 0 % bone). These rules dictate biological processes within 
the simulation including angiogenesis, intramembranous ossification, chondrogenesis, 
cartilage calcification and endochondral ossification, all of which are dependent on the local 
strain state and local blood perfusion within each element [98]. 
 
Figure 4.1: a) Schematic of external ring fixator used in animal experiments (reproduced with 
permission [40, 59] b) FE model (2D, axisymmetric) of a standardised fracture callus geometry used in 
FE model by Simon et al. (reproduced with permission [98]). 
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4.2.1 FE Model 
The numerical model describes the healing process in time and space using three main 
variables: 

ܥ൫ݔǡ ݐ൯ ׷ൌ ൥
ܤ݈݋݋݀ ݌݁ݎ݂ݑݏ݅݋݊
ܥܽݎݐ݈݅ܽ݃݁ ܿ݋݊ܿ݁݊ݐݎܽݐ݅݋݊
ܤ݋݊݁ܿ݋݊ܿ݁݊ݐݎܽݐ݅݋݊
൩ǡ
ܥ൫ݔǡ ݐ൯ ׷ൌ ൦
ܿ௣௘௥௙൫ݔǡ ݐ൯
ܿ௖௔௥௧൫ݔǡ ݐ൯
ܿ௕௢௡௘൫ݔǡ ݐ൯
൪Ǥ
(4Ͳ1)
The tissue differentiation process is described by a changing tissue mixture consisting of 
soft tissue, fibrocartilage and woven bone. The volume fraction of fibrocartilage ܿ௖௔௥௧൫ݔǡ ݐ൯ 
and woven bone ܿ௕௢௡௘൫ݔǡ ݐ൯ are calculated with soft tissue comprising the remainder of the 
callus composition ሺܿ௖௔௥௧ ൅ ܿ௕௢௡௘ ൅ ݏ݋݂ݐݐ݅ݏݏݑ݁ ൌ ͳͲͲΨሻǤ 
The progression of the variables was modelled as an initial value problem where change 
in perfusion and tissue concentrations was calculated from a complex function ݂, depending 
on a combination of the current state ܥof the tissue and the local mechanical stimuli within the 
element.  

 (4Ͳ2)
Fuzzy logic was chosen to describe the function ݂  as analytical expressions have not been 
developed for all mechanobiological processes. 
The model was loaded axially with a force of 500 N, representing the amplitude of the major 
metatarsal loading during normal gait in a sheep, as measured previously [40, 59]. All FEs had linear 
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elastic material properties, with cortex elements comprising compact bone, and callus elements 
consisting of the changing tissue mixtures. Each callus element was assigned a material property, 
which was then updated at each time step based on the tissue concentrations and properties of the pure 
tissues (Table 4-1Table 4-1) [129].  
Table 4-1Elastic modulus for each element was taken as the tissue concentration to the 
power of three multiplied by the tissue modulus. This was based on a previously determined 
experimental relation where the apparent compressive modulus of trabecular bone specimens 
was proportional to the cube of their apparent density [129]. 
 ܧ௘௟ ൌ෍ܧ௧௜௦௦
௧௜௦௦
ܿ௘௟ǡ௧௜௦௦ଷ 
(4Ͳ3)
A linear mixture model was implemented to determine Poisson’s ratio, ߥ௘௟ for each 
element:  
 ߥ௘௟ ൌ෍ߥ௧௜௦௦ܿ௘௟ǡ௧௜௦௦
௧௜௦௦

(4Ͳ4)
Based on the tissue differentiation hypothesis of Pauwels [117], two independent strain 
invariants were used as mechanical stimuli: 
 ܵ ൌ ቂߝ଴ߛ଴ቃǤ (4Ͳ5)
From the principle strains ߝଵǡ ߝଶǡ ߝଷ of each element: the dilatational strain (hydrostatic 
strain) representing a volumetric change was defined as: 
 ߝ଴ ൌ
ͳ
͵ ሺߝଵ ൅ ߝଶ ൅ ߝଷሻǡ (4Ͳ6)
and the distortional strain representing a change in shape: 
 ߛ଴ ൌ
ͳ
͵ඥሺߝଵ െ ߝଶሻ
ଶ ൅ ሺߝଵ െ ߝଷሻଶ ൅ ሺߝଶ െ ߝଷሻଶǤ (4Ͳ7)
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Table 4-1: Material properties of the pure tissue types used in the FE model. 
Tissue,tiss Elasticmodulus(MPa) Poisson’sratio
Corticalbone 10000 0.36
Wovenbone 4000 0.36
Fibrocartilage 200 0.45
Connectivetissue 3 0.3
 
4.2.2 Fuzzy Logic Controller 
The fuzzy logic tool in MATLAB 2014a (The MathWorks, Inc., Natick, MA) was used 
to implement the biological processes within the simulation and to predict changes in seven 
variables, as previously described [128, 129, 153, 169]. The main variables were perfusion, 
cartilage and bone concentration, the mechanical stimuli (dilatational and distortional strain) 
and two variables describing bone and perfusion concentrations in adjacent elements (Figure 
4.2). These comprised the input variables of the fuzzy controller which consisted of eight 
linguistic if-then rules. The rules described the processes of angiogenesis, intramembranous 
ossification, chondrogenesis, cartilage calcification, endochondral ossification and tissue 
destruction. The output variables dictated change in perfusion, cartilage or bone for each 
iteration.  
 
Figure 4.2: Fuzzy controller with seven fuzzy input and three fuzzy output variables. (reproduced with 
permission [129]).7 
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4.2.3 Iterative Healing Simulation 
The callus healing process was described numerically as an initial value problem and 
simulated using time-dependent iterative loops over equidistant time steps (Figure 4.3). The 
simulation was started with a pre-processor that generates geometry, element mesh, external 
fixation, load and boundary conditions. Following this, initial values for the tissue composition, 
the material properties and the blood supply were assigned to each of the elements, creating a 
representation of the fractured bone immediately following fixation. The iterative pattern of 
the simulation was then followed, beginning with the FE analysis, calculating local mechanical 
stimuli in each element of the model. These stimuli together with the tissue composition and 
local blood supply were used as inputs to the fuzzy logic controller, producing a resulting tissue 
composition and blood perfusion within each element. A subsequent FE pre-processor updated 
the material properties of the elements according to the new tissue compositions, completing 
one iteration before beginning the next.  
For this study, it was necessary to be able to manipulate the stiffness of the fixator 
modelled throughout the healing period. This required altering the original numerical script to 
allow a changing fixator stiffness at any chosen iteration. A number of fixation configurations 
were assessed throughout this analysis. Initially, a range of constant fixation stiffness 
parameters were modelled to ascertain the responsiveness of the model to different conditions. 
Thereafter flexible and more stable fixation values were selected for analysis. The model was 
then analysed with the flexible fixation stiffness, which was increased at iterations 7, 14 and 
21.  
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Figure 4.3: Flowchart of the dynamic fracture healing model including the FE method and the fuzzy 
logic in an iterative loop over time (reproduced with permission [129]). 
The measured parameter used to monitor and define healing was IFM. The bone was 
considered healed when the IFM (axial) was less than 0.1 mm [129]. The resulting outputs 
were the number of iterations required to reach an IFM of less than 0.1 mm, as well as the 
tissue formation and mechanical conditions for each iteration.  
4.3 RESULTS 
4.3.1 Assessing Fixation Parameters 
For each fixation stiffness the theoretical IFM (load/fixation stiffness) was calculated for 
the initial condition and compared to the measured value within the model. It was found that 
there was good agreement between the theoretical and measured values, however they did 
deviate slightly for the lowest fixation stiffness values (Figure 4.4). There was a considerable 
decrease in IFM and IFS observed between 200 N·mm-1 and 1000 N·mm-1, however for 
stiffness values greater than 1000 N·mm-1, the changes in these parameters were less 
noticeable, especially in the case of a 3 mm fracture gap. The range of fixation stiffness 
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examined in the model were therefore from 200 N·mm-1 to 1000 N·mm-1. A simulation of 
1600 N·mm-1 was used to verify small changes in the results for stiffness greater than 1000 
N·mm-1. 
The changes in IFM for each iteration produced results where the stiffer the fixation the 
faster the decline in IFM, and the faster the achievement of the healing outcome (Figure 4.5). 
It can be seen (Figure 4.5) that there is little reduction in IFM for the first 10 – 20 iterations, 
irrespective of fixation stability. Following this, from iterations 20 – 30 there is a sharp decline 
in IFM, as the callus tissues stiffen. For the lowest stability conditions (< 400 N·mm-1) this 
change does not occur until after iteration 35.  
For the lowest fixation stiffness that could produce a healing outcome (300 N·mm-1), 
healing occurred within 83 iterations, whereas a threshold appeared to be reached by 800 
N·mm-1, with healing occurring after 35 iterations, similarly to the limit of 32 days observed 
with the 1600 N·mm-1 condition. This result again indicated that negligible benefit may be 
drawn from stiffness values in excess of 800 N·mm-1 (Figure 4.6). 
 
Figure 4.4 Theoretical calculations versus model measured values for interfragmentary movement (for 
each fixation stiffness).  
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Figure 4.5 Interfragmentary movement measured over time (iterations) in the FE model. Stiffness 
parameters investigated ranged from 200 N·mm-1 to 1600 N·mm-1. It may be seen that very low stiffness 
parameters did not result in healing (200 N·mm-1), with higher stiffness fixations producing similar 
healing outcomes to one another (800-1600 N·mm-1). The red line indicates the healed condition, at an 
IFM of less than 0.1 mm. 
 
Figure 4.6 Healing outcome measured in number of iterations required until IFM is less than 0.1 mm. 
It may be seen that there is a large change in time from 300 to 800 N·mm-1, with only small decreases 
in healing times achieved with stiffness in excess of 800 N·mm-1. 
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Concentrations of cartilage and bone throughout the fracture healing process were 
analysed and compared to the predicted distributions of distortional and dilatational strain 
(Figure 4.7). The highest absolute strain values were predicted to occur within the fracture gap 
during the initial stages of healing. It may be seen that these values were in fact higher with 
lower fixation stiffness, as more load and hence IFM was transferred through the fracture itself. 
As the healing progressed, particularly in the case of the development of periosteal bone callus, 
the strain throughout the fracture gap decreased.  
There were few observable differences within the first two weeks of healing despite 
different fixation conditions. By week 4 however, it became evident that there was increased 
cartilage development in the intracortical and endosteal callus regions under stiffer fixation, 
whilst the low stiffness fixation resulted in the greatest concentration of cartilage developing 
in the periosteal callus adjacent to the fracture gap. Bone formation at this stage was however 
quite consistent amongst all groups, with a trend of slightly more bone formation under stiffer 
fixation. By 6 weeks, periosteal callus bridging was observed under all stiffer fixation 
conditions aside from 400 N·mm-1, where a band of soft tissue was noted.  
4.3.1 Modifying Fixation Stiffness 
Initial fixation stiffness values were modelled as 400 N·mm-1, resulting in IFS of 42 %. 
An IFS of 42 % has been shown to delay healing in vivo compared to more stable conditions, 
with the optimal range for healing being between 7 - 30 % [59]. The fixation stability was 
increased to 800 N·mm-1 (IFS 21 %) at iteration 7, 14 and 21.  
Initially, under all conditions there was limited bone development and only slight 
reduction in IFM over the first 20 iterations, irrespective of fixation condition. When the fixator 
was changed to a more stable configuration, there was a steep decline in IFM, purely due to 
the more stable fixation. This was clearly demonstrated when fixator conditions were changed 
within the first 20 – 25 iterations (Figure 4.8). 
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The results demonstrated that changing the stiffness allowed less stiff conditions to ‘catch 
up’ to the most stable condition, however there did not appear to be potential to ever exceed 
this outcome (Table 4-2). The initial pattern of healing observed with the changing fixation did 
not differ from that of a constant 800 N·mm-1, as the initial flexibility and IFM did not influence 
the pattern of tissue development within the callus of this model. However, as the bone 
approached the periosteal bridging stage, a few differences were noted between the simulation 
groups. For the 400 N·mm-1 fixation condition, a band of soft tissue throughout the intracortical 
region was present until periosteal bridging was seen at the periphery of the callus. For the 
other fixation conditions however, some bone formation was observed throughout the 
intracortical region by this stage. The 800 N·mm-1 fixation and 7 day conditions were quite 
similar in tissue appearance at bridging, with a large bone portion formed endosteally, whilst 
this region in the 14 day and 21 day conditions primarily comprised soft tissue. The 14 day 
condition varied in terms of periosteal bridging, as it occurred at the periphery of the callus, 
whereas the 800 N·mm-1, 7 day and 21 day conditions bridged mid-periosteal callus.  
Table 4-2 Time to healing after stabilising fixation by increasing stiffness 
 Iterationstohealing Iterationstobridging
Constant800NͼmmͲ1 35 43
7Day 36 45
14Day 38 47
21Day 39 47
Constant400NͼmmͲ1 65 70
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Figure 4.8 Interfragmentary movement measured over time (iterations) in the FE model. Fixation 
stiffness was changed from 400 N·mm-1 to 800 N·mm-1 (top) and 500 N·mm-1 to 800 N·mm-1 (bottom). 
Changes in stiffness were made at iteration 7, 14 and 21. The red line indicates healed condition at IFM 
of less than 0.1 mm.  
 
Figure 4.9 Tissue distribution at time of periosteal bridging for both constant fixation conditions and 
from stabilising the fixator at iteration 7, 14 and 21.  
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4.4 DISCUSSION 
The major objective of this predictive modelling was to assess the mechanisms within 
the model itself, the fuzzy logic rules, and their ability to predict bone healing through 
simulating cellular proliferation and differentiation patterns under the chosen stimuli. Hence 
examination was not limited to the final result or outcome of the model, but extended to the 
mechanisms and pathways of the model used in establishing the solution. By performing this 
analysis prior to obtaining the results of the in vivo study (Chapter 5:), the conclusions reached 
from the interpretation of these results will not be biased by prior knowledge of the effect of 
stiffening fixation on bone healing.  
The progression of healing, as well as the end point of the healing process, were both 
investigated in this study. Under constant fixation, the dilatational strain distribution was 
similar amongst all fixation conditions, however the distortional strain differed across the 
groups. After two weeks, the distortional strains were concentrated in the intracortical region 
under low fixation stiffness, however extended throughout the endosteal region under higher 
fixation stiffness. By 4 weeks, the strain had distributed to span the entire fracture region for 
the high stiffness fixations, however for low stiffness, it extended into the periosteal region 
(Figure 4.7). It may be seen that this influenced the development of cartilage tissue, with 
cartilage concentration increasing endosteally by 4 weeks under a higher fixation stiffness, 
whereas the increased cartilage resulting from low fixation was found in the periosteum. By 8 
weeks, no cartilage remained in the higher fixation conditions, and for the low stiffness 
condition it was resorbed into the periosteal callus, with low concentrations remaining in the 
endosteal region. This was particularly interesting for the low stiffness fixation condition, as 
the periosteal cartilage did not transform to bone by 6 weeks and it instead appeared there was 
only soft tissue within the fracture gap. This result appeared to be consistent with findings in 
the literature, where high IFMs during the callus consolidation phase can prolong the healing 
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duration [67]. For the low fixation condition, this time translated to a slight increase in IFM 
over time (Figure 4.5) before healing was eventually continued.  
Under constant fixation, IFM was initially at its peak when the callus completely 
comprised of soft tissue. It remained at this high level for the first 20 iterations, which was 
consistent with in vivo monitoring of mechanical stability over the course of healing [65, 80]. 
Experimental models have shown that IFM peaks approximately one week postoperatively, 
and remains high over the first three to four weeks [65]. Over this time frame, only a small 
volume of periosteal callus was formed, both proximal and distal to the fracture region. As 
such, this hard callus development appeared to have very little influence on the mechanical 
conditions and resultant strain within the fracture gap. Changing the fixation stiffness at 7, 14 
and 21 days all occurred during this plateau period, which essentially allowed healing to occur 
with limited delay compared to the more stable fixation (800 N·mm-1; Figure 4.8). Importantly, 
this demonstrated that the model does not describe the rate of healing based on the initial IFS, 
but rather the magnitude of strain later in the healing period affects the outcome more 
significantly [67].  
Evidently there were limitations with both this investigation and the finite element model 
itself. Firstly, many experimental studies have determined that a higher loading causes larger 
external callus formation, however the influences on callus size cannot be assessed with this 
model [38, 59, 60]. The premise of a larger callus reducing strain within the fracture region 
therefore cannot be investigated thus there is no potential for early flexible conditions to 
enhance the healing through this mechanism. Wilson et al. [139] recently demonstrated that 
predefining a field of soft tissue in which callus can form strongly influences the strain field 
and thereby the predicted pattern of bone formation. They found that starting with only a thin 
layer of periosteal soft tissue and allowing bone and cartilage to grow within the callus domain 
produced tissue deposition patterns that were consistent with histological results, where the 
 82 Chapter 4: Computational simulation of fracture healing under modulation of fixation stiffness 
callus growth appeared to radiate from the cortical surface of the fracture site. The authors 
suggested that this may be confirmed by testing alternative regulatory algorithms for the early 
stages of fracture healing.  
Another limitation of the model shown in this study was that under-stimulation of the 
fracture, which occurs with overly rigid fixation, was not considered. It has been shown 
clinically that under-stimulation of a fracture may lead to a poor healing outcome, with in fact 
no callus formation [1], [116]. The present model was tested with an extremely rigid fixation 
of 5000 N·mm-1. The initial IFM in this conditions was already less than 0.1 mm, however 
direct intracortical bridging with a small volume of callus formation was observed during the 
simulation, demonstrating the clinically relevant limit of the model. Further to this, the 
geometry and loading applied to this model was simplified, with loads assumed to be acting 
axially with no additional inclusion of muscle loading. 
The model may be enhanced by defining healing by a parameter other than the reduction 
of IFM to less than 0.1 mm. Whilst this forms a useful simple comparison of healing times for 
this predictive study, more information could be obtained about the healing process and the 
mechanisms in the model if the healing result could be alternately quantified. For example, if 
the changes in callus stiffness could be monitored along with the IFM, more data for the 
comparison of healing situations would be obtained. Despite the above limitations, conclusions 
about the current capabilities of the model cannot yet be made without the comparison with in 
vivo results, which forms part of the future work for this investigation.  
Currently the model has been created based on experimental work and results from sheep 
studies [140], however it essentially represents universal rules and understanding of 
mechanobiology. The comparison between the FE model and the experimental study will not 
be performed in terms of finite healing times, but rather a qualitative comparison between the 
relevant phases of healing.  
 Chapter 4: Computational simulation of fracture healing under modulation of fixation stiffness 83 
4.5 CONCLUSION 
Further work with this numerical model will be carried out to qualitatively assess and 
compare the tissue distributions generated computationally at different stages of healing by 
comparing the model data to the histological analysis of rat femurs from in vivo studies. It can 
thus be determined if the biological processes implemented in the model are sufficient to 
predict accurate healing patterns. Initially, these comparisons will be made for the control 
groups where the fixation stiffness is constant throughout the entire healing period. All of the 
above suggest that present model needs to be further developed to enable predictions of clinical 
value in the future. 
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Chapter 5: The Influence of Modifying Fixation 
Stiffness on the Healing Outcome 
5.1 INTRODUCTION
The majority of diaphyseal long bone fractures heal via the secondary bone healing 
process with the formation of an external callus. Secondary healing occurs in the presence of 
fracture interfragmentary movement (IFM) [170], with the magnitude of IFM being critical to 
healing outcome. The healing process is composed of several overlapping stages beginning 
with inflammation and the formation of a hematoma. Callus proliferation is the next stage of 
healing with the conversion of the hematoma to a soft callus composed primarily of fibrous 
tissue and cartilage. Simultaneously a hard callus is formed at the periphery of the fracture via 
intramembranous ossification. Callus consolidation follows whereby the soft cartilaginous 
callus undergoes mineralization via endochondral ossification, leading to bridging of the 
fracture. Finally, the callus is gradually remodelled and resorbed [32]. 
The size of the fracture callus formed is primarily related to the stability of the fracture 
site influenced by the fixation [78]. Extremely rigid fixation has been shown to suppress callus 
formation [171], whilst instability in the fracture resulting from overly flexible fixation may 
lead to the formation of a large callus that cannot bridge, resulting in a hypertrophic non-union 
[141]. Previous studies have determined that moderate axial IFMs consistently produce a 
reliable healing outcome [60, 79, 171, 172], characterised by the return of strength and function 
to the limb, as well as bony bridging across the cortices. The magnitude of IFM is determined 
by the stiffness of fixation, the degree of limb loading (a combination of weight bearing and 
muscle forces), as well as the mechanical competence of the healing tissues. Throughout the 
normal bone healing process, IFMs are largest during the initial stage of healing and reduce as 
the fracture callus increases in size and mineralises [172, 173].  
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Despite previous studies demonstrating that the mechanical environment plays a critical 
role in the development of fracture callus tissue [63, 145, 171, 172], it is not clear whether 
various stages or processes of repair are differentially mechano-sensitive. Therefore, remains 
unknown if mechanical stimulation is required during all stages of bone healing and how the 
optimal magnitude IFM may differ at various phases.  
A number of experimental investigations have been conducted, analysing the 
modification of fixation stiffness over the course of healing [71, 73, 106, 108, 159, 174]. The 
focus of these studies has been on the concept of elastic dynamization, whereby the fixation 
stiffness is reduced at a certain time point during the healing process [71, 73, 106, 108, 159]. 
This increases the IFM of the fracture gap [108, 159], and has been tested both clinically and 
experimentally. Claes et al. [108] showed that elastic dynamization at 3 or 4 weeks in a similar 
rat model enhanced healing indicated by a greater elastic modulus of the callus, particularly 
when the callus was largely calcified and close to bridging, or at the remodelling stage of 
healing. However performing dynamization earlier in the healing period led to a poor healing 
outcome. As such, the benefits of dynamization and the optimal modulation time during healing 
remain unclear.  
Through comparisons of healing under different degrees of stability, it has been 
established that very flexible fixation delays healing with respect to bony bridging and leads to 
the formation of a larger callus. Furthermore, it was previously concluded that the later 
chondral (cartilaginous) phase of healing was prolonged under more flexible conditions [67]. 
Based on this observation, it might be inferred that mineralisation of the callus and bridging 
are both impaired by excessive tissue strain, and that callus bony bridging requires stability. 
Hence, it may be beneficial to stiffen fixation during the callus consolidation phase, enabling 
ossification and bony bridging to occur. 
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The ability to modulate the stiffness of fixation provides the potential to enable 
mechanical stimulation during periods of healing when they are needed, and to shield the 
tissues from potentially disruptive loading when stimulation is not required [12]. Based on the 
influences theorised above, we hypothesise that it may be most beneficial to flexibly stabilise 
the fracture during the earlier stages of healing to promote larger callus formation, and to then 
increase fixation stiffness, allowing for callus maturation and remodelling to occur. More 
specifically, the predicted benefits of an initial flexible fixation which is later stabilised are (1) 
shortened healing time in comparison to very flexible fixation and healing time comparable or 
faster than optimum fixation, and (2) greater callus stiffness [12]. 
5.2 MATERIALS AND METHODS 
5.2.1 Animal Model 
Forty-eight male Wistar rats (weight 400–450 g) were randomly divided into six groups 
(n = 8) consisting of two control groups, a stiff fixation group (S group) and a flexible fixation 
group (F group), and four modulated experimental groups designated 3D, 7D, 14D and 21D. 
The experimental groups were fixed flexibly for 3, 7, 14 and 21 days respectively, followed by 
stiff fixation for the remainder of the 5-week healing period. Time points for transition from 
flexible to stiff fixation were been selected to correspond with different bone healing phases 
(Figure 5.1). The 3D group was selected to target the inflammation stage of the fracture healing 
process. The 7D group, with flexible fixation for 1 week followed by stiff fixation for 4 weeks, 
was aimed at assessing the effects after inflammation in the early phases of callus proliferation, 
with the 14D group assessing the late proliferation stage. The 21D group was selected to target 
the consolidation stage of healing.  
5.2.2 Fixator Design and Construction 
The fixator was designed by our collaborators at the Institute of Orthopaedic Research 
and Biomechanics, University Hospital of Ulm, and has been used in previous studies [105, 
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149, 150]. The unilateral external fixator (Figure 5.2) comprised bars (28 × 4.5 × 5 mm): a 
front-side component made of stainless steel and a back-side component made of aluminium, 
which clamp onto four threaded stainless steel pins (Jagel Medizintechnik, Bad Blankenburg, 
Germany) spaced 8 mm apart. For a stiff fixation, the inner bar of the fixator was set at an 
offset of 6 mm and for the flexible configuration the offset was set to 12 mm (Figure 5.2). The 
offset distance was defined as the free length of the pins, between the lateral surface of the 
femur of the rat and the inner side of the fixator bar. This resulted in an axial stiffness of 119 
N·mm-1 for the stiff configuration, and 31 N·mm-1 for the flexible configuration [149, 150].  
 
Figure 5.1 The four study groups (3D, 7D, 14D and 21D) with the stiff and flexible control group. In 
the study groups, the fixation was stiffened at 3, 7, 14 and 21 days, respectively. 
5.2.3 Operative Procedure 
The rats were anaesthetised with isoflurane (2 % with 2 L·min-1 O2 by air mask). 
Preoperatively, a 5 mL subcutaneous injection of normal saline was administered along with 
an antibiotic and analgesic. The antibiotic clindamycin-2 -dihydrogenphosphate (Sobelin; 
Pfizer, Karlsruhe, Germany), was administered subcutaneously at 45 mg·kg-1 prior to surgery, 
and at three days postoperatively. The analgesic tramadol (Tramal; Gruenenthal, Aachen, 
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Germany) was administered subcutaneously at 20 mg·kg-1, and was diluted in the drinking 
water of each animal at 25 mg·L-1 for three days postoperatively.  
An incision of 3-4 cm was made through the skin, and the shaft of the femur was exposed. 
An external fixator bar with drill guides was used to permit reproducible positioning of four 
drill holes, to accommodate the screws used to secure the fixator. After the fixator was in place, 
a saw was used to make a 1 mm osteotomy (Figure 5.3). The wound was then closed in layers. 
A detailed surgical procedure can be found in Appendix A.  
Animal care and experimental protocols were followed in accordance with the National 
Health and Medical Research Council (NHMRC) guidelines and approved by the Animal 
Ethics committee of Queensland University of Technology.  
 
Figure 5.2: Fixator constructs demonstrating offset difference between stiff and flexible configurations 
A) schematic of stiff construct with 6 mm offset; B) postoperative in vivo radiograph of stiff construct; 
C) schematic of flexible construct with 12 mm offset; and D) postoperative in vivo radiograph of flexible 
construct. 
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Figure 5.3: Attachment of external fixation to femur and creation of 1 mm osteotomy. 
Each animal was housed in its own cage, with mobility and signs of infection monitored 
daily. Immediately after surgery, the rats were given unrestricted access to food and water and 
resumed normal activity. The rats were given the analgesic tramadol (25 mg·L-1) via their 
drinking water for three days post-operatively, and an antibiotic by subcutaneous injection, as 
described above. 
In the four experimental groups, the fixator offset was decreased from 12 mm to 6mm 
(Figure 5.2) under anaesthesia after 3, 7, 14 and 21 days respectively. After 35 days, the rats 
were euthanised. This time point was expected to represent bony bridging in this model.  
5.2.4 Biomechanical Testing 
After 35 days of healing, all rats were euthanised by carbon dioxide (CO2) asphyxiation. 
Femurs were then dissected, with all soft tissue removed. The contra-lateral limbs were used 
as paired internal controls. The flexural rigidity of the experimental femur was evaluated using 
a non-destructive three-point bending test (Figure 5.4). The fixator and pins were removed 
before mechanical testing. The femurs were potted in cylinders with polymethylmethacrylate 
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(PMMA) (Paladur, Heraeus Kulzer GmbH, Hanau, Germany) with a 30 mm free length (݈) 
between the bending supports for the bone. Bending was applied at the level of the osteotomy, 
in the anterior–posterior direction. 
The load was applied with a materials testing machine (Instron 5848 MicroTester; 
Instron, Norwood, MA) at a deflection rate of 1 mm·min-1 to a maximum force of 10 N [107]. 
During the protocol, the bone was hydrated with a 0.5 % NaCl solution. The bending load (F) 
was applied on top of the callus and was recorded continuously versus sample deflection (d). 
Flexural rigidity, a product of Elastic Modulus (E) and second moment of inertia (I): EI, was 
calculated from the slope, k, of the linear region of the load–deflection curve. As the callus was 
not always located at the middle of the supports (݈/2), the distances between the load and the 
proximal support (a) and the distal support (b), were used to calculate the flexural rigidity 
according to (Equation 5.1): 
 ܧܫ ൌ ݇ ቆܽ
ଶܾଶ
͵݈ ቇ  (5Ͳ1)
Where:  
ܧ ൌ ܯ݋݀ݑ݈ݑݏ
ܫ ൌ ܵ݁ܿ݋݊݀݉݋݉݁݊ݐ݋݂ܣݎ݁ܽ
݇ ൌ ݏ݈݋݌݁݋݂݈݋ܽ݀ െ ݂݈݀݁݁ܿݐ݅݋݊ܿݑݎݒ݁
݈ ൌ ݂ݎ݁݁݈݁݊݃ݐ݄ܾ݁ݐݓ݁݁݊ܾ݁݊݀݅݊݃ݏݑ݌݌݋ݎݐݏ
ܽ ൌ ݀݅ݏݐܽ݊ܿ݁݂ݎ݋݉ܿ݁݊ݐݎ݁݋ݏݐ݁݋ݐ݋݉ݕݐ݋݌ݎ݋ݔ݈݅݉ܽݏݑ݌݌݋ݎݐ
ܾ ൌ ݀݅ݏݐܽ݊ܿ݁ܿ݁݊ݐݎ݁݋ݏݐ݁݋ݐ݋݉ݕݐ݋݀݅ݏݐ݈ܽݏݑ݌݌݋ݎݐ 
The bending load was applied three times, with the first two tests necessary to condition 
each sample, and the third application used for the measurement, thus minimising potential 
artefacts resulting from contact settlements. The flexural rigidity was then reported as a 
percentage of the intact contralateral limb.  
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Figure 5.4: Three point bending test of callus. 
5.2.5 Micro-computed Tomography 
Femora were scanned using a micro computed tomography (μCT) scanner (ȝCT40; 
Scanco Medical, Bassersdorf, Switzerland), with a 20 ȝm isotropic voxel size and a 250 ms 
integration time, at 70 keV of energy. Two volumes of interest (VOI) were selected for analysis 
using the  μCT evaluation software (V6.5-3, Scanco Medical, Bassersdorf, Switzerland)[107]. 
The first, VOIcallus included the callus between the two inner pins of the fixator, subtracting the 
cortical bone. The second, VOIfracture encompassed only the callus formed at the level of the 
osteotomy. To evaluate these regions of interest, the following variables were assessed: total 
callus volume (TV), mineralised bone tissue volume (BV), and bone volume over total volume 
(BV/TV). Additionally, average callus diameter was calculated at the level of the osteotomy. 
Bone mineral density (BMD) was calculated after conversion of the gray-level values using a 
correction algorithm [107]. 
5.2.6 Histology and Histomorphometry 
Femora were fixed for histological analysis in 4 % paraformaldehyde and then 
dehydrated in ascending grades of ethanol, infiltrated, and embedded in methyl methacrylate 
(MMA) (Technovit 9100, Heraeus Kulzer, Germany). Samples were sectioned in the 
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longitudinal direction and stained with paragon [109], which enables differentiation between 
fibrous tissue (white and light blue), cartilage (purple), and bone (white-yellow). Quantitative 
histomorphometry was performed using light microscopy to analyse tissue differentiation in 
two regions of interest (ROI). The ROIcallus included the complete outer diameter of the 
periosteal callus in the radial direction and extended 2 mm proximally and distally from the 
centre of the gap. The ROIfracture included the complete outer diameter of the periosteal callus 
in the radial direction but was limited in height to the fracture gap. The cortical bone was 
excluded from both ROIs. The total callus area was measured using OsteoMeasure 
(OsteoMetrics, Atlanta, USA) and the proportions of bone, cartilage and fibrous tissue were 
quantified. The number of animals achieving bony bridging in the periosteal, intracortical and 
endosteal regions was counted and a bridging score from 0 to 4 was calculated based on the 
number of bridged cortices [109]. 
5.2.7 Data Analysis / Statistics 
Statistical analysis was performed using SPSS 21.0, to determine differences in the 
mechanical, μCT and histological parameters. Analysis of variance (ANOVA) tests were used 
to assess differences, with a post-hoc test (Tukey) used to determine inter-group relationships, 
with p-values < 0.05 taken as significant. Data are presented as the mean with error bars 
indicating the standard deviation 
5.3 RESULTS 
The animals tolerated the experimental procedure. Pin breakage occurred in three animals 
reducing the sample size of the stiff group (n = 7); the 3D group (n = 7) and the 14D group (n 
= 7). At the time of operation, the rats weighed an average of 438 ± 26 g. The average increase 
in body weight from the time of operation to 5 weeks postoperatively was 19 ± 2 %.  
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5.3.1 Biomechanical Testing 
No significant difference was determined between the flexural rigidity of the 
contralateral limbs of the stiff, flexible and experimental groups (data reported in Table 5-1). 
The flexural rigidity (% of intact contralateral) of the S group was found to be 150 % greater 
than the F group (p = 0.001). The flexural rigidity of all four experimental groups was 
significantly different (p < 0.015) to the flexible control group Figure 5.5) with the 3D group 
showing 159% greater; 7D 186% greater; 14D 145% greater  and 21D 116% greater rigidity. 
No significant difference was determined in the flexural rigidity between any of the 
experimental groups and the stiff control group (Table 5-1). 
 
Figure 5.5 Effect of the modulation of stiffness from flexible to stiff (3, 7, 14 and 21 days) on bone 
healing, evaluated by 3-point bending. A) Flexural rigidity of the callus normalised to the contralateral 
limb, and B) absolute flexural rigidity. p < 0.05 was considered significant. Significantly different 
groups indicated by different symbols (I and II).  
5.3.2 Microcomputed Tomography  
The flexible group showed characteristics of the least advanced healing of all groups; a 
large periosteal callus, incomplete periosteal and intracortical bony bridging, and substantial 
endosteal bony callus (Figure 5.7). The stiff control and experimental groups in contrast showed 
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signs of complete bony bridging and remodelling with formation of a neo-cortex in the 
periosteal callus and resorption of endosteal callus and re-establishment of marrow canal. 
The flexible group possessed the largest callus (106 mm3) at 5 weeks in the ROIcallus. 
Total callus volume (TV) was 31% less in the 3D (p = 0.026), 31% less in the 14D (p = 0.033) 
and 36% less in S group (p = 0.008) than in the F group, but not significantly less in the 7D 
and 21D groups (Figure 5.6). Bone volume tended to be largest in the 21D and F groups, but 
there were no significant differences in the bone volume. The BMD in the flexible group was 
found to be significantly lower compared to all other groups across the entire callus (p < 0.042). 
No other statistically significant parameters were found when assessing the entire callus. 
In the fracture gap, the volume was 27 % less in the 3D (p = 0.024); 24 % less in the 7D 
(p = 0.043); 31 % less in the 14 D (p=0.007) and 30 % in the S group (p = 0.01) than the F 
group. The 21D group showed no differences in this parameter compared to any other group. 
The BV/TV was found to be significantly higher in the 3D, 7D and stiff group (p < 0.01) 
compared with the flexible group, with no observable differences with the 14D and 21D groups 
(Table 5-1). The BMD in the F group (706 mgHA/cm3) measured at the level of the osteotomy 
(ROIfracture) was significantly lower compared to all experimental groups (p < 0.03) but not 
compared to the S group. The BMD in the 14D group (927 mgHA/cm3) was significantly 
greater than the 21D group (818 mgHA/cm3, p = 0.047) and the stiff control group (806 
mgHA/cm3, p = 0.027). 
5.3.3 Histology and Histomorphometry 
Defects stabilized for 5 weeks under flexible conditions contained a prominent band of 
cartilage throughout the osteotomy in all animals (Figure 5.9). Correspondingly, the largest 
cartilage area (1.8 mm2) was determined in the F group (Figure 5.8). Cartilage area was 85% 
less in S group, 80% less in the 3D, 90% less in the 7D, 92% less in the 14D and 65% less in 
the 21D group (p < 0.002) than in the F group, when assessed throughout the entire callus.  
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The S group was characterized by a high degree of periosteal and intracortical bridging 
(79%) compared to the F group (25%). The highest bridging score was determined in the 7D 
(94%) and 14D (96%) groups. Resorption of endosteal callus is a sign of advanced healing, 1/7 
animals in the 14D group and 3/8 animals in the 7D group were still bridged endosteally 
compared to 7/8 in the F and 3/7 in S control groups (Table 5-2). 
 
Figure 5.6 Effects of the modulation of stiffness from flexible to stiff (3, 7, 14 and 21 days) 
on bone healing evaluated by μCT. A) Total volume of the fracture callus; B) volume of the 
fracture gap; C) bone mineral density throughout the entire callus, and; D) bone mineral 
density in the fracture region. p < 0.05 was considered significant. Significantly different 
groups indicated by different symbols (I, II and III). 
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Figure 5.7 Micro-computed tomography images of the osteotomies at 35 days post-operatively, after 
modulation of stiffness from flexible to stiff at 3, 7, 14 and 21 days post-operatively and compared to 
stiff and flexible controls. 
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Figure 5.8 Effects of the modulation of stiffness from flexible to stiff (3, 7, 14 and 21 days) on bone 
healing, evaluated by histomorphometry. A) Cartilage area quantified throughout the entire callus, and; 
B) cartilage area throughout the fracture gap. p < 0.05 was considered significant. Significantly different 
groups indicated by different symbols. 
 
Figure 5.9 Histological images at 35 days post-operatively after stabilisation with stiff and/or flexible 
fixators, and modulation of stiffness from flexible to stiff at 3, 7, 14 and 21 days. A) Stiff group; B) 3D 
group; C) 7D group; D) 14D group; E) 21D group and F) flexible group. Histological sections were 
stained with paragon: fibrous tissue (white and blue), cartilage (purple), and bone (light blue-white). 
Scale bar indicates 1 mm.
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Table 5-3 Number of animals achieving bony bridging after 5 weeks of healing. 
Measure S 3D 7D 14D 21D F
Total%bridging
(periosteal+
intracortical)
82 71 94 96 66 25
Endostealcallus
bridging(%) 43 57 38 14 38 88
5.4 DISCUSSION 
In the treatment of fractures, the stiffness of fixation is typically unchanged over the 
course of healing. Experimental studies have demonstrated that timely fracture healing requires 
the optimisation of fixation stability [79]. In cases of overly rigid fixation, dynamization may 
be performed to stimulate callus formation and healing [108, 175, 176]. If healing is delayed 
through excess strain, the formation of a hypertrophic non-union may result, which may be 
rectified by stiffening the fixation [71, 159]. In these cases, the modulation of fixation is in 
response to an adverse healing progression. It has been proposed that fracture healing maybe 
further optimised through the purposeful conversion of fixation from a flexible to stiff 
configuration [12]. This study investigated the influence of modulation of fixation from a 
flexible to a stiff configuration on the healing of a rat osteotomy model. Time points of 
modulation were selected corresponding to the early, mid and late phases of callus healing. 
5.4.1 Stiff versus Flexible Control 
Before discussing the results from stiffening fixation, it is first necessary to characterize 
the degree of stability provided by the stiff and flexible fixators and describe healing in the 
respective control groups. The terminology frequently used (rigid, semi-rigid, stiff, flexible) to 
label fixation groups of differing stiffness [105, 106] is not ideal in this case, and rigid and stiff 
fixation may be misinterpreted as creating absolute stability, typically associated with primary 
bone healing. Interfragmentary strain (IFS) is a useful description of the mechanical 
environment that relates interfragmentary movement to gap size [63]. IFM may then be 
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estimated from knowledge of the external and internal loads and fixation stiffness. The peak 
axial load in the rat femora during gait (6-8 times body weight) has been calculated with 
musculoskeletal modelling [174]. This yields initial interfragmentary movements of 0.25 and 
1 mm (25 % and 100 % IFS for a 1 mm osteotomy) for the stiff and flexible fixation groups 
respectively, assuming an average weight of 430 g. Interfragmentary strains that lie within the 
range of 7 – 30% have been previously shown to support good healing [172]. Hence, the stiff 
fixator was expected to create mechanical conditions conducive to timely healing, whilst the 
flexible fixator was overly flexible and should delay healing. In the present study, both control 
groups were characterised by the formation of external callus and secondary bone healing, and 
supported the above mentioned assumption. At 5 weeks, fractures treated with the stiff fixator 
were biomechanically superior and morphologically more advanced than the flexible group, 
exhibiting bony bridging, a resorbing periosteal callus and the re-establishment of a marrow 
canal. In a concurrent study, fracture callus stiffness was monitored in vivo and determined that 
maximum callus stiffness was achieved at 4 weeks with the stiff fixator compared to 9 weeks 
with the flexible fixator [105]. Therefore, the fixation of the stiff group can be considered to 
provide constant fixation within a good range whilst the flexible fixator may be considered 
overly flexible. 
5.4.2 Modulation from Flexible to Stiff Fixation 
The predicted benefits of modulating the fixation stiffness (flexible to stiff) are (1) greater 
callus stiffness and (2) shortened healing in comparison to very flexible fixation and healing 
time comparable or faster than optimum fixation [12]. 
(1) Greater Callus Stiffness 
Callus size increases with more flexible fixation [177]. It was hypothesized that flexible 
fixation during the proliferative phase of healing and subsequent stiffening of fixation would 
lead to increased callus size and translate into greater callus stiffness. As expected the callus 
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formed in the flexible group was the largest but was biomechanically inferior as it was not 
completely bony bridged and contained less dense bone and a greater proportion of cartilage. 
Stiffening fixation at all time-points significantly increased callus stiffness compared to the 
flexible group. However the callus stiffness in the modulated groups was comparable to that 
achieved with constant stable fixation in the stiff group. Greater callus stiffness through 
modulation from flexible to stiff fixation could not be confirmed by this study.  
(2) Shortened Healing Time 
During the course of secondary bone healing the callus passes through a number of 
distinctive stages [178]. The stage of healing can be distinguished through examination of 
morphological data from μCT and histology. As stated above, healing the flexible group lagged 
significantly behind healing in the stiff group and experimental groups. The differences 
between the experimental groups and the stiff control group were less pronounced and are 
discussed below with respect to early, mid and late time-points of modulation. 
Early Modulation 
The treatment in the 3D group differed from the stiff control group in that flexible 
fixation was applied for only the first three days out of the 5 week healing period. 
Biomechanical and morphological results demonstrated that early modulation did not affect 
healing outcome compared to the stiff control. Previous studies have suggested that the initial 
phase of bone healing is particularly sensitive to mechanical stimulus, and the mechanical 
environment during this phase may direct the healing process [179]. Early instability for as 
little as 24 h was sufficient to influence chondrocyte differentiation, resulting in more cartilage 
formation at 10 days post-operatively [180]. Any effects created by very flexible fixation 
initially in this study had no significant impact on the state of healing at 5 weeks. 
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Mid Modulation 
Stiffening fixation during the middle of the repair phase, groups 7D and 14D, produced 
morphological characteristics that were suggestive of the most advanced healing state of all 
groups. Notably, these groups had a high degree of callus bridging (periosteal and 
intracortical), with a low degree of endosteal bridging which is associated with callus 
remodelling and reestablishment of the marrow canal. The bone mineral density (BMD) in the 
fracture gap of the 14D group was also significantly greater than the stiff control group. In an 
apparent contradiction to this result, the mean of bone volume to total volume (BV/TV) was 
higher in the Stiff group compared with the 14D. This may be explained however by the 
unusual callus remodelling observed in rodents, and the formation of a double cortex [181]. As 
healing progresses, woven bone is remodelled into lamellar bone and hence BMD increases, 
approaching the value of mature cortical bone. In contrast to BMD, BV/TV can be expected to 
increase as the callus mineralisation reaches a peak prior to the onset of callus resorption during 
remodelling. The un-mineralised space between the two cortices decreases the apparent BV/TV 
of the callus as remodelling progresses. This may explain why the 14D group has a larger BMD 
than the stiff control group, yet a lower BV/TV and indicates a more advanced state of repair 
in the 14D group. 
Late Modulation 
Stabilisation after 21 days significantly improved healing with respect to the very flexible 
fixation, demonstrating that delayed healing can be prevented by providing stability to an 
unstable situation. The 21D group did not differ significantly from the stiff group but the 
biomechanical values tended to be lower and the cartilage area was larger in this group. This 
supports the theory that decreased callus strain due to increased stability of fixation permits 
cartilage mineralisation and accelerates bony bridging. 
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This study is the first to investigate the controlled modification of fixation stability, with 
initial flexible conditions followed by stiffening the fixation as different time points throughout 
healing of an experimental fracture. Prior studies have investigated the influence of time of 
stabilisation on fracture healing [182]. However, this involved going from a scenario of no 
fixation and instability to fixation and therefore was more akin to the situation of delayed 
presentation or treatment. Miclau et al. [180] demonstrated that there was a trend towards more 
cartilage formation with delayed fracture stabilization, suggesting that early instability for as 
little as 24 h may be sufficient to influence chondrocyte differentiation. This trend appeared to 
be shared by our results, with more cartilage present in the 3D and flexible groups at 5 days 
than the stiff group. However beyond this, the models differ too much for further comparison 
or extrapolation of results. 
Studies have addressed the conversion from external fixator to intramedullary nail or 
internal fixation [183]. Whilst this typically stiffens fixation, the second surgery impacts the 
biology of repair, which has been shown to further delay healing. The most similar 
biomechanical situation to that presented herein  was conducted by Gardner et al. [61] who 
demonstrated that a reduction in the IFM applied to a fracture site over the course of healing 
could result in a more rapid maturation of callus tissue. It demonstrated in that sufficient 
mechanical stimulus is essential early in the healing period for tissue proliferation and reduced 
throughout the process to avoid tissue damage which can arise from large displacements that 
exceed the maximum strain tolerance of the tissue. The method applied in this study differs 
from our approach of altering the fixation stiffness, however the rationale is very similar and 
closely aligns with the results obtained in this thesis. Unfortunately a suitable healing control 
with constant fixation stiffness was lacking, limiting the usefulness of the obtained results.  
A number of limitations were identified regarding the in vivo study design. Firstly, the 
evaluation of healing through mechanical testing to obtain flexural rigidity. Mechanical testing 
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in rodent bones is difficult to execute accurately due to difficulties in alignment and embedding 
resulting from the small size of the bones. A recent analysis of biomechanical testing methods 
concluded that three point bending tests are highly sensitive to callus shape and may induce 
experimental errors of up to 60 % [163]. Torsional testing may provide a more robust 
alternative method, however gaining access to the equipment necessary to facilitate this testing 
may also prove to be difficult.  
Early fracture healing studies were primarily based on large animal models [147], 
particularly in sheep [40, 58, 61]. As a consequence, parameters used to assess healing are 
generally based on these studies, which may not be related directly to fracture healing in small 
animal models. In particular parameters such as bone volume/total volume (BV/TV) can be 
skewed in small animals by the remodelling process. Remodelling of small animal fractures 
tends to originate at the cortical bone surface [184]. This forms a dual cortex rather than 
remodelling from the periphery of the callus as seen in larger animals [79]. Therefore as healing 
proceeds, there should be an observable increase in this parameter, which declines after the 
initiation of remodelling (Figure 5.10). BMD on the other hand, is a parameter that would be 
expected to increase until restoration of the density of the original cortical bone.  
 
Figure 5.10 Expected changes in tissue and analytical parameters over the course of healing in a rat 
model. Where FT - Fibrous Tissue; CA – Cartilage Area; BMD – Bone Mineral Density and BV/TV – 
Bone Volume over Total Volume.  
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The fixation system used in the present study created defined stability and permitted 
modulation of the stiffness of fixation without the need for surgical intervention and the 
subsequent impact on the biology of the tissue. However, limb loading remained an 
uncontrolled variable. The rat model, due its relatively low-cost and short healing time, is 
useful in studies such as this where multiple time points are investigated. Ultimately, the 
findings of this study must be confirmed in a large animal model that can overcome the 
limitations and challenges with respect to controlled mechanical conditions, monitoring of 
healing and biomechanical testing. 
Evidently this study, which is limited in addressing a single end point of 35 days, was 
not comprehensive enough to detect an accelerated rate of healing. Thus, multiple time points 
evaluating the course of healing will be necessary to provide an understanding of the different 
healing patterns between these fixation conditions, which could lead to an improved 
understanding of bone regeneration.  
5.5 CONCLUSION 
Overall, it was demonstrated that stiffening a flexible construct realizes an improved 
healing outcome, resulting in comparable tissue formation to that achieved through stable 
fixation. Although some effects of modulation of fixation stiffness during healing were 
demonstrated, it was not possible to isolate the effects of callus size itself on when assessing 
only the healing outcome. Further investigations of this phenomenon in large animal models 
may yield clinically relevant data. Whilst some studies have suggested that the mechanical 
conditions during the initial stage of healing may define the healing path and outcome, this 
study has shown at all time-points the benefits of stabilizing a flexible construct to achieve 
timely healing. Concurrently, we have shown that modulation of fixation stability is a potential 
avenue for improvement of healing by manipulating the local environment and promoting 
favourable strain conditions. 
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Chapter 6: The Influence of Modifying Fixation 
Stiffness on Callus Development 
6.1 INTRODUCTION
Both clinical and research investigations have confirmed that bone healing depends on 
the mechanical conditions at the fracture site [9, 11, 14, 67, 82, 166, 185, 186]. Defining an 
optimal set of mechanical conditions to promote osseous healing has the potential to contribute 
to clinical device design optimisation and the selection of optimal patient fracture treatments 
relative to specific injuries.  
Presently, our understanding of bone repair suggests that this is a multifaceted process 
that involves complex interactions between mesenchymal stem cell types that are located in 
the marrow, cortex, periosteum, and in the surrounding bone and fracture environment. 
Loading conditions of the fracture influence the differentiation of these cells, resulting in the 
formation of the various connective tissues that compose skeletal organs [26, 30, 181, 187]. 
Histological examination of fracture repair may reflect the interaction of the mechanical 
environment and the healing tissues, which is essential to complete our understanding of the 
processes that re-establish the biomechanical competency and the original tissue structure of 
the injured bone [165].  
Callus size and development, and subsequently tissue morphology and biomechanics, 
may hence be influenced by mechanical stimulus throughout all stages of tissue development 
and maturation. Several theories outlining the mechanical stimulus responsible for guiding the 
formation of different tissue types have been presented. These stimuli include shear strain and 
interstitial fluid flow [118, 137], strain and hydrostatic pressure [11], tensile strain and 
hydrostatic pressure [38], and shear strain only [64, 123]. These theories have been 
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predominantly tested using computational simulations, which estimate the mechanical 
environment, thereby predicting the healing outcome. However, somewhat contradictory 
results have been produced [125, 188] that question the reliability of these models as predictive 
tools.  
Further in vivo investigations are thus required to more completely assess the effects of 
the mechanical environment throughout the healing process, and obtain further information 
that in turn can be implemented into numerical simulations, enhancing their capabilities. The 
outcome of in vivo experiments are often reported by way of histological images, either at the 
end-point of healing, or at different time points post-operatively, providing accurate qualitative 
histological descriptions and outcomes [85, 166]. Histological sections can show an intricate 
pattern of different tissue types. Depending on the harvesting time the tissues observed can 
include the haematoma, fibrous tissue, cartilage, mineralised callus and newly formed bone. 
The majority of studies have focused on differences in the early phases of healing [180], late 
phases of healing [184], in the development of non-union models [189, 190] or in different 
biological treatments [191-195]. Few studies have investigated different healing patterns under 
different fixator conditions throughout the entire healing period [67, 196]. 
Investigations in temporal tissue formation and distribution could provide key 
information when assessing the optimal mechanical environment for fracture healing. It has 
been hypothesised that the ability to modify the fixation stiffness could promote large callus 
formation under initial flexible conditions, which is then later stabilised to allow callus 
consolidation and mineralisation to occur. A model where fixation stiffness was modified from 
a flexible to a stiff configuration throughout healing in a rat femoral osteotomy to assess the 
effect on the healing outcome was previously presented (Chapter 5).  
Flexible fixation was changed to stiff at 3, 7, 14 and 21 days postoperatively, to stabilise 
the fracture and thus decrease strain in the intracortical space, allowing callus mineralisation 
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to occur. The total healing response was evaluated after 5 weeks. The study found that whilst 
fixator modification was able to produce comparable outcomes to the stiff control, additional 
healing was not achieved. Overall, whilst being unable to demonstrate advantage over an ideal 
stiff fixation, the previous results showed that the latent stabilisation of an undesirably flexible 
fixation may produce comparable healing. This result was contradictory to current literature, 
which suggests the healing pathway and outcome are defined by the initial fixation conditions 
[65, 98]. I conversely was able to demonstrate that stable fixation although occurring later in 
the healing process, could still produce equivalent results to optimal fixation. This study alone 
was not able to assess the rate of healing as it only examined a single end time-point in the 
healing response, and consequently further investigation was required to test this hypothesis.  
The aim of this study was therefore to assess tissue formation during the course of healing 
of the stiff and flexible fixation conditions, and to compare these with modified fixation 
stiffness at 3 and 7 days post-operatively. In this case, particular focus was given to the early 
stages of fracture repair, with time points at 5, 14 and 28 days post-operatively. Tissue 
distribution and topological patterns will be described qualitatively and quantitatively to assess 
the healing pathway that results in the outcomes previously examined (Chapter 5:). It is 
hypothesised that a larger callus will be formed earlier in the post-operative period under 
flexible fixation conditions, which once stabilised, will result in faster intracortical bone 
formation.  
6.2 MATERIALS AND METHODS 
6.2.1 Animal Model 
Ninety six male Wistar rats (weight 400–450 g) were randomly divided into nine groups 
(n = 8 each; Figure 6.1). The six groups served as control groups, with three receiving a stiff 
fixation configuration, and three receiving flexible fixation. These groups were euthanised at 
three time points, either 5 days, 14 or 28 days postoperatively. Two experimental groups had 
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their fixation changed from the flexible configuration to the stiff configuration at 3 days post-
operatively (3D). These groups were also euthanised at either 5 days or 14 days post-
operatively. One experimental group had the fixation changed from flexible to stiff at 7 days 
post-operatively, with euthanasia occurring at 14 days. These time points were selected to focus 
on differences immediately post-modulation in the early phases of healing. Finally, an 
additional two study groups for the flexible control were examined (n = 5). These were 
euthanised at 3 days and 7 days post-operatively to assess the healing progression and callus 
development at these times.  
 
Figure 6.1: Time points to monitor the progression of healing. Time in the flexible fixation condition is 
represented in blue, with stiff fixator conditions indicated in grey. Rats were euthanised at 5 days and 
14 days postoperatively for the 3D, 7D and controls groups. Rats were euthanised at 28 days for the 
control groups only. These groups were compared to the results from Chapter 5, where the rats were 
euthanised at 35 days.  
6.2.2 Fixator Design and Construction 
An external fixator, as described previously (Chapter 5.2.2), was used to stabilise the rat 
femoral osteotomy. The stiff configuration was offset 6 mm from the surface of the femur and 
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the flexible configuration was set at 12 mm creating axial stiffness of 119 and 31 N·mm-1, 
respectively. 
6.2.3 Operative Procedure 
The operative procedure for this study was the same as described previously (Chapter 
5.2.3 and Appendix A). Animal care and experimental protocols were followed in accordance 
with the National Health and Medical Research Council (NHMRC) guidelines and approved 
by the Animal Ethics committee of Queensland University of Technology. 
6.2.4 Histology and Histomorphometry 
Femora were fixed using 4 % paraformaldehyde for 3 days and then were decalcified for 
four weeks in 10 % EDTA solution at 4 ιC with agitation. After decalcification, the samples 
were processed by graded ethanol solutions to dehydration, cleared in xylene and embedded in 
paraffin wax. Embedded samples were sectioned at a thickness of 5 μm, collected onto poly-l-
lysine microscope slides and dried overnight. Serial sections from each sample were stained 
with safranin orange–fast green to detect cartilage. The morphological features of the 
periosteal, intracortical, and endosteal zones were qualitatively described using light 
microscopy. Additionally, quantitative histomorphometry was performed using light 
microscopy (KS400; Zeiss, Eching, Germany) to analyse tissue morphology. The total callus 
area was measured using OsteoMeasure, a bone histomorphometry system (OsteoMetrics, 
Atlanta, USA) and the proportions of bone, cartilage and fibrous tissue were quantified. The 
cortical bone was excluded from the analysis. 
6.2.5 Data Analysis / Statistics 
Statistical analysis was performed to determine differences in the mechanical, 
histological and μCT parameters. Analysis of variance (ANOVA) tests were used to assess 
differences, with a post-hoc test (Tukey) used to determine inter-type relationships. Tests were 
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conducted using SPSS 21.0 with p-values < 0.05 taken as significant. Data are presented as the 
mean with error bars indicating standard deviation.  
6.3 RESULTS 
The animals tolerated the experimental procedure. Pin breakage occurred in 5 animals 
reducing the sample size of the stiff group at 5 days (n = 7); the stiff group at 14 days (n = 7), 
the stiff group at 28 days, the 3D group at 5 days (n = 7), and the 3D group at 14 days (n = 7). 
At the time of operation, the rats weighed an average of 426 ± 39 g. The average increase in 
body weight from the time of operation to 5 weeks postoperatively was 6 ± 2 % 
6.3.1 Stiff versus Flexible Control 
The healing progression was examined closely for the control groups with time points 
assessed at 5 days, 14 days and 28 days postoperatively.  
5 Days Postoperatively 
After five days (Figure 6.2), woven bone had formed on the periosteal surface of the 
cortical bone fragments in both control fixation groups. This bone formation was found to be 
larger and more structurally organised in the flexible group. The thickness of the newly formed 
periosteal bone appeared to be relatively constant over the length of the bone from the fracture 
gap to the inner fixator pin. At this time, no bone formation was observed endosteally or 
intracortically. However, some hypertrophic chondrocytes were visible at the periphery of the 
periosteal callus in the flexible group. The remaining soft callus at this healing time was 
composed of fibrous tissue, with signs of hematoma present in the intracortical and endosteal 
regions in the stiff group (6/8) and flexible group (5/8).  
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Figure 6.2 The callus histology (safranin orange-fast green) after 5 days of healing. A) Stiff fixation; 
B) periosteal callus response under stiff fixation; C) flexible fixation, and; D) periosteal callus response 
under flexible conditions, where cartilage formation can be seen at the periphery of the initial hard 
callus. Scale bar indicates 1 mm for A) and C) and 100 μm for B) and D).  
14 Days Postoperatively 
By 14 days (Figure 6.3), the callus size had visibly increased with continued woven bone 
formation in the periosteal region in both groups. However, across all samples, this bone 
formation appeared to be larger under more flexible fixation. At this time point, there was a 
large amount of cartilage formed in both groups. In the stiff group, this formed predominantly 
in the intracortical region, whereas the flexible group had the greatest cartilage formation in 
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the periosteal callus. Endosteal bone formation was present in the flexible control group with 
all samples exhibiting endosteal bony bridging. This occurred in only a few (3/8) samples in 
the stiff group. In the intracortical region of the stiff group, there was some woven bone 
formation on the surfaces of the pre-existing cortical bone whereas in this region in the flexible 
group, the predominant tissue appeared to be fibrocartilage or a dense fibrous tissue. At this 
time, there was no bony bridging in any samples either intracortically or periosteally.  
 
Figure 6.3 The callus histology (safranin orange-fast green) after 14 days of healing. A) Stiff fixation; 
B) periosteal and intracortical tissue formation under stiff fixation; C) flexible fixation, and; D) 
periosteal and intracortical tissue under flexible conditions. Scale bar indicates 1 mm for A) and C) and 
100 μm for B) and D).  
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28 Days Postoperatively 
At 28 days postoperatively, bridging of the periosteal callus had occurred in all animals 
of the stiff group for at least one side of the callus, and half of the animals of the flexible group 
(4/8). In the flexible groups all animals were bridged endosteally, which appeared to be more 
organised and larger in magnitude than at 14 days, while the stiff group was bridged endosteally 
in half of the animals, with the appearance of remodelling in this region. Intracortically, there 
was increased bone deposition in both groups compared to 14 days, with the majority of the 
stiff group exhibiting bridging in this region (6/7). However, only two animals of the flexible 
group had bridged intracortically. The presence of cartilage seemed to decrease by 28 days in 
both control groups. (Figure 6.4). The stiff group had cartilage present mainly in the 
intracortical region, whereas the flexible group had cartilage present throughout all callus 
regions. The stiff group was also characterised by more extensive remodelling in the periosteal 
callus, with the formation of dual cortices, a common characteristic pattern during bone 
remodelling in small animals.  
 
Figure 6.4 The callus histology (safranin orange-fast green) after 28 days of healing. A) Stiff fixation; 
and B) flexible fixation. Scale bar indicates 1 mm.  
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6.3.2 Modifying Fixation Stiffness and Quantitative Assessment 
Fixation stiffness was modified at 3 days (3D) post-operatively, the results of which were 
assessed at 5 days and 14 days. Fixation stiffness was also modified at 7 days (7D) post-
operatively and assessed at 14 days.  
5 Days Postoperatively 
After five days of healing, the 3D group was compared to the stiff and flexible control 
groups (Figure 6.5) both qualitatively and quantitatively. Similarly to the control groups, 
woven bone had formed on the periosteal surface of the cortical bone fragments, appearing to 
be greater in the 3D and flexible groups than the stiff group. While there was very little cartilage 
present in the stiff group, the 3D group had more cartilage formation visible at the periphery 
of the periosteal callus. However, this initial cartilage formation did not appear to be as 
consistent among all samples as the flexible group. The remaining soft callus comprised fibrous 
tissue in the 3D group, with remnants of haematoma visible in 5 animals. These observations 
were confirmed quantitatively by assessing the callus area, as well as bone and cartilage 
formation within the callus. The overall callus area was significantly greater in the flexible and 
3D groups compared to the stiff group (p < 0.01). This trend was also reflected in the bone 
formation with significantly larger areas of bone measured in the 3D group compared to the 
stiff group (p = 0.04; Figure 6.6). The flexible group was found to be significantly larger than 
both (p < 0.01 and p = 0.046) for the stiff and 3D groups, respectively. Cartilage area 
measurements were also greater in the 3D and flexible groups, however no statistical 
significance was found in this parameter.  
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Figure 6.5 The callus histology (safranin orange-fast green) after 5 days of healing. A) Flexible 
fixation for 3 days (3D) stabilised for the final two days, and; B) periosteal tissue responses after 
changed fixation stiffness at 3 days. Scale bar indicates 1 mm for A), and 100 μm for B). 
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Figure 6.6 Healing evaluated 5 days post-operatively, comparing stiff and flexible conditions with 
fixation stiffness modified at 3 days (3D). A) Total callus area; B) callus diameter; C) bone area, and; 
D) cartilage area within the callus were quantified. p < 0.05 was considered significant. Significantly 
different groups have different symbols. 
14 Days Postoperatively 
The 3D and 7D groups (Figure 6.7) showed very different healing outcomes after 14 days 
compared to both of the control groups (Figure 6.3). In these experimental groups, it may be 
seen that the periosteal callus was far smaller than under the constant fixation situation of the 
control groups. There was also limited cartilage formation throughout the entire callus in the 
experimental groups, particularly in comparison to the control groups, where there was 
extensive callus formation. In the intracortical region, the tissue formation appeared to be 
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predominantly bone and fibrous tissue, compared to the stiff group, which appeared to be 
predominantly cartilage in this region. At this time point, there was no intracortical or periosteal 
bridging observed in the control groups however the 7D (4/8) and 3D (3/8) samples exhibited 
bridging in these regions, in at least one cortex. Similarly to the flexible group however, the 
majority of samples in these group were bridged endosteally.  
 
Figure 6.7 The callus histology (safranin orange - fast green) after 14 days of healing. A) 3D group; B) 
intracortical tissue with changing fixation stiffness at 3 days; C) 7D group, and; D) intracortical tissue 
with changing fixation stiffness at 7 days. Scale bar indicates 1 mm for A) and C) and 100 μm for B) 
and D).  
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The quantitative analysis revealed a number of differences between the experimental and 
control groups in all callus regions (Figure 6.8). Throughout the entire callus, the flexible group 
had a significantly greater callus area (16.0 mm2) than all other groups. The stiff group (12.2 
mm2) had a significantly greater callus area than the 3D group (8.0 mm2), however the 7D (10.1 
mm2) did not differ from either. This trend was observed with both the bone and cartilage area 
throughout the entire callus, however both the 3D and 7D groups had developed significantly 
less cartilage than the control groups.  
 
Figure 6.8 Healing evaluated 14 days post-operatively, comparing stiff and flexible conditions with a 
changed fixation stiffness at 3 days (3D) and 7 days (7D). A) Total callus area; B) periosteal callus area; 
C) endosteal callus area, and; D) intracortical area. All graphs display the total area for the callus region, 
as well as bone and cartilage areas. p < 0.05 was considered as significant. Significantly different groups 
have different symbols. 
The periosteal callus region exhibited similar differences between groups, however the 
3D group was found to have significantly less bone formation than the other groups. Cartilage 
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area did not differ between the 3D, 7D, and stiff group in the periosteal callus. Interestingly, in 
the endosteal callus and intracortical regions, cartilage formation in the stiff group was found 
to be significantly greater than all other groups. No other parameters in these regions 
demonstrated significant differences. 
28 Days Postoperatively 
The qualitative results comparing the stiff and flexible groups were confirmed by 
quantitative histomorphometry (Figure 6.9), with significant differences observed between the 
flexible and stiff groups in total callus (16.2 vs. 9.5 mm2; p < 0.01) and periosteal callus areas 
(12.5 vs. 6.2 mm2; p < 0.01). The bone and cartilage areas were significantly higher in the 
flexible group compared to the stiff throughout the total callus and the periosteal callus (p < 
0.01 all parameters). The endosteal region showed significantly greater areas of both cartilage 
and bone formation under flexible conditions (p = 0.01 and p = 0.039, respectively), reflective 
of the remodelling occurring in this region in the stiff fixation group. In the intracortical region 
however, there were no statistically significant differences in bone and cartilage area, despite 
a much larger number of the stiff group exhibiting bony bridging at this time point.  
 
Figure 6.9 Healing evaluated 28 days post-operatively, comparing stiff and flexible conditions. A) Total 
callus area; B) periosteal callus area, and; C) endosteal callus area. All plots display the total area for 
the callus region, as well as bone and cartilage areas. p < 0.05 was considered significant. Significantly 
different groups have different symbols. 
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6.3.3 Tissue Formation over the Course of Healing 
Tissue distribution throughout the callus was analysed over time, based on the presented 
results (Figure 6.10). Throughout the total callus, it may be seen that the size of the callus 
increased up to 35 days for the flexible group, whereas the callus size peaked at 14 days for the 
stiff group and then decreased until 35 days [181]. The bone area increased consistently for the 
flexible group, however at a slower rate from 14 days to 28 days. Conversely the stiff group 
decreased slightly from 14 to 28 days, before increasing to 35 days. When comparing the 
control groups, the cartilage parameter demonstrated similar trends, despite differences in 
magnitudes, with cartilage formation peaking at 14 days before decreasing by 35 days.  
In all other callus regions, bone and cartilage formation peaked at 14 days and then 
decreased by 28 days, with the exception of intracortical bone formation, which was at its 
greatest at 28 days. On the other hand, flexible conditions caused an increase in bone 
measurements throughout the healing periods. Cartilage however, peaked at 14 days in the 
periosteal callus and intracortical region before declining by 28 days as this tissue in this region 
ossified. In the endosteal region, cartilage increased throughout the healing period, however 
the magnitude of cartilage in this region was notably lower than the stiff fixation at 14 days.  
Comparison of the tissue distributions in the control groups to the experimental groups 
across the entire callus (Figure 6.11) demonstrated clear differences noted previously at 14 
days. It may be seen whilst the callus area peaked for the stiff group at 14 days, the 3D and 7D 
demonstrated a decline at this time in callus area compared to their size at 5 and 7 days 
respectively. The callus area then continued to increase until 35 days. For the experimental 
groups there was a steady increase in bone formation through the entire healing period. 
Cartilage in the 3D group increased slowly throughout the entire healing period, however in 
the 7D group, cartilage peaked at 14 days before declining by 35 days.   
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Figure 6.10: Healing evaluated over time for the control groups. A) Total callus; B) periosteal callus; 
C) endosteal callus, and; D) intracortical region. All figures display the total area for the callus region, 
as well as bone and cartilage areas. 
 
Figure 6.11: Tissue distribution throughout the callus over time for 3D, 7D and control groups. A) Total 
callus area; B) bone area, and; C) cartilage area. 
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6.4 DISCUSSION 
This study examined the effect of fixation stiffness on tissue formation through fracture 
healing, with particular focus on the early phases of healing. The data shows that both the 
course of healing (tissue formation) and healing outcome are not negatively affected by early 
instability (flexible conditions), if the fracture is later stabilised. The difference between the 
stiff and flexible conditions in our model were first evaluated, followed by changing fixation 
stiffness to stabilise the fracture site.  
6.4.1 Stiff versus Flexible Control 
In the initial phase of healing, significant differences existed between the two fixation 
conditions, where a greater callus area, diameter and bone area were measured under flexible 
fixation. This confirms our hypothesis that more mechanical strain early in the healing period 
stimulates the formation of a larger callus. Despite the larger strain, resolution of the 
haematoma did not appear to differ between the stiff and flexible fixation conditions. This is 
contrary to previous temporal tissue distribution studies in sheep [67] and rats [85], which 
found that tissue development in the early phases of healing was not dependant on fixation 
stiffness.  
By 14 days, the periosteal callus continued to expand in both control groups through 
intramembranous bone formation, however under flexible conditions this was significantly 
greater. It has previously been reported that peak callus area is reached in the rat by 14 days 
postoperatively [85, 154, 181]. This study found that under stiff fixation (25 % IFS), this 
outcome was confirmed, potentially as the IFS falls within optimal values [140], whereas under 
the more flexible conditions, callus size continues to increase until 35 days. Wehner et al. [105] 
implemented the same fixation stabilities to investigate changes in callus stiffness over time. 
Their study demonstrated that the repair phase was significantly extended under flexible 
conditions, however by 12 weeks there were few differences remaining between the groups. 
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Based on the callus development throughout this study, there are few identifiable differences 
between the groups in terms of overall healing progression by 14 days of healing. However, 
closer examination of the tissue distributions indicated that cartilage was formed in different 
regions of the callus under different fixation stabilities.  
Under flexible conditions, cartilage predominantly formed in the periosteal callus, which 
peaked in this region at 14 days. Whilst the stiff group also exhibited periosteal cartilage 
formation, it had significantly higher areas of cartilage compared to the flexible group in the 
intracortical and endosteal regions of the callus. All cartilage areas peaked at 14 days in the 
stiff group, however in the flexible group, the intracortical and endosteal cartilage increased by 
28 days.  
Similarly, endosteal bone formation differed in these groups. While there was no 
significance found in magnitude, all of the samples in the flexible group and only a few in the 
stiff group (3/8) had bridged across this region at 14 days. The development of bone in this 
region seemed to increase significantly in the flexible group with an increase in area as well as 
thicker trabecular structures observed at 28 days. Notably, in this rat osteotomy model, 
endosteal bone formation and bridging preceded periosteal bone formation for both fixation 
stabilities. This phenomenon was not observed in the sheep, with periosteal bony bridging 
occurring before other regions of the callus [67, 197]. 
These results fundamentally suggest that while tissue distribution patterns may differ 
under different fixation conditions, healing does not appear to be delayed significantly by the 
early flexible condition, when examined at 14 days. The main indication of a slight delay in 
healing is the greater cartilage formation in the stiff group in the intracortical region. However, 
by 28 days, differences in the healing progression between the groups is far greater, suggesting 
that the delay is primarily caused by flexible conditions in the later reparative stage of healing. 
This finding aligns with finding from sheep studies [67] despite differences in the healing 
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process between the species. Looking at the results from the previous experimental chapter 
(Chapter 5), this outcome was further demonstrated when fixation stiffness was stabilised at 14 
days (14D) producing an equivalent healing outcome to the stiff control group. Furthermore, 
the 21 day group, which would have had delayed healing conditions for a further 7 days, 
essentially reached comparable tissue maturity to the other experimental and stiff control 
groups despite stabilisation only occurring late in the reparative phase of healing.  
6.4.2 Modifying Stiffness 
It was hypothesised that a larger callus will be formed earlier in the post-operative period 
under flexible fixation conditions, which once stabilised, will result in faster intracortical bone 
formation compared to constant fixation conditions. This study clearly demonstrated that under 
flexible fixation, a larger callus was produced at both 5 days and 14 days of healing, confirming 
findings from previous large animal experiments [67, 96, 145]. Further examination of the 
experimental groups within this study is required to assess the second part of the hypothesis, 
of accelerated intracortical bone formation. 
Firstly, examining the healing process in the 7D group, it may be seen that as expected, 
the callus size in this group was significantly lower at 14 days than the flexible group and did 
not differ statistically from the stiff group. The bone formation across all areas of the callus did 
not differ statistically from the stiff control group, however there was a trend of more bone 
formation throughout the intracortical and endosteal regions. This is indicated by the greater 
number of animals within this group achieving bony bridging either intracortically or 
periosteally. The most notable differences was that of cartilage distribution, with minimal 
cartilage produced in all regions of the callus. These results suggest that intracortical and 
periosteal bone formation were both primarily deposited through an intramembranous 
ossification pathway rather than a combination of intramembranous and endochondral 
ossification, as clearly demonstrated by the control groups and in other experimental bone 
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healing studies [67]. By 35 days, virtually all animals in this experimental group had fully 
bridged fractures, with minimal cartilage remaining. Healing 7 days post-operatively under 
flexible fixation (Figure 6.12) indicates large periosteal bone formation with cartilage at the 
periphery of the callus. The geometry of this initial callus would have increased the load sharing 
area of the bone, which when combined with a more stable fixation, could have reduced tissue 
strains within the intracortical region sufficiently to allow intramembranous ossification 
without the need for a cartilage intermediate phase [12]. This could be further examined with 
computational studies assessing the mechanical environment at the time of stabilisation, as 
measuring the mechanical stimulus is not possible, particularly at the small scale of a rat model. 
Further examination of this group could also be conducted to assess the tissue formation 
between 14 days and 35 days. It would be interesting to observe if the remaining cortices bridge 
purely by intramembranous formation, or if cartilage formation occurs, which is then 
mineralised by the 35 day time point.  
The 3D group exhibited similarly limited cartilage formation, however less bone 
formation than the 7D group, with fewer samples achieving bridging. Examining the tissue 
formation after 3 days under flexible fixation, it may be seen that there is limited periosteal 
bone formation, and haematoma is present within the osteotomy (Figure 6.12). However, by 5 
days the callus size and bone area in this group was significantly greater than the stiff group 
(Figure 6.5). This would suggest that tissue strains in the intracortical region at 5 days would 
be lower in the 3D group than the stiff group, both under the same fixation stiffness. Similarly 
to the 7D group, this seemingly has allowed an intramembranous response throughout the 
intracortical region. However the bone formation and bridging is less extensive than the 7D 
group and all areas of the callus have not been engaged in this process. This would be due to 
the shorter time under flexible conditions in this group limiting the periosteal response 
comparative to the 7D group. Further examination and analysis is required to confirm that the 
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bone formation throughout the intracortical region for these groups was produced 
predominantly through via intramembranous ossification.  
The 3D and 7D groups appeared to form intracortical bone through intramembranous 
ossification unlike the control groups which indicated endochondral ossification in this region. 
However, based on the results from Chapter 5, it can be observed that the 14D group produced 
a similar healing outcome to the 7D and stiff control groups. It may be therefore inferred after 
examining the flexible condition at 14 days that both intramembranous ossification and 
endochondral ossification can occur more rapidly under stable fixation conditions, if sufficient 
mechanical stimulus is provided to the fracture region early in the healing process. Further 
investigation into the cellular processes instigated by this stimulation is necessary to ascertain 
the mechanism of improved healing under these conditions.  
Limitations exist with assessing fracture healing with small animal models as this process 
is greatly accelerated compared with large animals and humans. As such, it is not necessarily 
possible to examine every step of the healing process, as some processes may occur too rapidly 
to be examined at discreet time points. It may thus be necessary to characterise the general 
healing phases, especially in order to extrapolate the results in relation to alternate animal 
models or for clinical applications. 
6.4.3 Healing Stages 
The outcome of this animal experiment was reported by means of histological images at 
different time points post-operatively, assessed predominantly by qualitative histology and 
supported with simple histomorphometric analyses. Description of the average healing 
progression seen in this study provided a platform for interspecies comparisons, assessment of 
mechanobiological theories and a means to clearly identify enhanced healing.  
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Figure 6.12 Callus histology (safranin orange - fast green) under flexible conditions assessing the callus 
progression at the time of stabilisation. A) 3 days of healing; B) 7 days of healing, and; C) 14 days of 
healing. Scale bar indicates 40 μm. 
Vetter et al. [197] introduced a new method to describe the progression of healing reflecting 
the topology of the different tissue types formed (Table 6-1). They found that healing under 
different fixation conditions showed no qualitative difference in topology using this method 
despite measurable differences quantitatively. These healing stages were used as a basis for 
comparison with the current rat osteotomy healing model. Comparison of relationships 
between species is essential to further research in this field and is critical to advance research 
project findings to a clinical scenario.  
Differences were identified between healing stages in a rat (Table 6-2) and sheep osteotomy. 
The inflammatory phase had similar haematoma formation, the resolution of which was much 
faster in a rat - with no signs of hematoma present by 7 days post-operatively irrespective of 
fixation stability. Conversely in the sheep model, signs of the haematoma were present for far 
longer under less stable fixation conditions [67].  
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The second stage of healing identified in both species were very similar, with the 
dissolution of the haematoma as well as initial periosteal callus formation via intramembranous 
ossification. By the third healing stage, the processes diverged. In the rat, endosteal bone 
formation was present with bridging in this region that was not observed in the sheep until far 
later in the healing process (Stage V). This difference could potentially be related to restoration 
of the intramedullary blood supply in the rat occurring faster than in larger models, a parameter 
that should be investigated in future work). Both species however bridged in the periosteal 
callus via endochondral ossification.  
As healing proceeded, bony bridging in the periosteal callus then occurred in both groups, 
with significant cartilage formation in the intracortical region that did not occur to the same 
extent in the sheep. Finally, intracortical bony bridging in conjunction with the initiation of 
callus remodelling was observed. In the sheep, the remodelling process involved a slow 
decrease in periosteal and endosteal callus. In the rat, remodelling initiated along the cortical 
bone surface rather than the outer periosteal callus surface and as a consequence a dual cortex 
was formed [184]. When analysing healing outcomes, this is an important consideration in the 
rat, as it can skew quantitative parameters that do not reflect regional differences in callus tissue 
distributions. The healing stages for the rat model were defined from observed callus 
development under constant fixation conditions.  
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Table 6-1 Healing stages observed in sheep 3 mm osteotomy healing (adapted from Vetter et al. 2010 
[197], with permission). 
HealingStage TopologicalCriteria ClassificationAccordingto
HealingPhase
StageI Remnantofhematomastillpresentinthe
callus Lateinflammatoryphase
StageII Noremnantsofhematomaleft,cartilagenot
yetformed Earlyreparativephase
StageIII
Bridgingviacartilageintheouterosteotomy
zone,butnobonybridgingoftheosteotomy
gap
Reparativephase
StageIV
Formationofaperiostealbonybridge
betweentheproximalanddistalpartsofthe
osteotomycallus
Latereparativephase
StageV
Formationofanendostealbonybridge
betweenmedialandlateralpartsofthe
osteotomycallus
Earlyremodellingphase
StageVI Reducedsizeofthehardcallus,resorptionof
theendostealbonybridge Remodellingphase
 
 
Table 6-2 Healing stages outlined for osteotomy healing in rat femoral osteotomy model (1 mm) 
HealingStage TopologicalCriteria ClassificationAccordingto
HealingPhase
StageI Remnantofhematomapresentinthecallus Lateinflammatoryphase
StageII
Periostealboneformation,uniformalong
cortexwithinitialperiostealcartilage
formation.
Earlyreparativephase
StageIII
Bridgingviacartilageformationwithinthe
periostealcallusandintracorticalregion.
Endostealbridgingviawovenbone.
Reparativephase
StageIV Periostealbonybridging.Cartilagewith
initialboneformationintracortically. Latereparativephase
StageV
Intracorticalbridgingwithresorptionof
periostealcallusadjacenttocorticalbone
formingadualcortex.Endostealcallus
beginningtoremodellinghoweverstill
bridgedinthisregion.
Earlyremodellingphase
StageVI Finalresorptionofendostealcallusand
resorptionofdualcortex Remodellingphase
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Figure 6.13 Healing under constant fixation stiffness in a rat femoral osteotomy model. Stage I with the 
formation of a haematoma primarily within the fracture region; Stage II with periosteal callus formation 
and initial cartilage formation at the periphery of the callus; Stage III is indicative of further periosteal 
callus growth, endosteal bridging and a combination of periosteal, intracortical and endosteal cartilage 
formation; Stage IV is characterised by mineralisation and bridging of the periosteal callus; Stage V 
can be represented by intracortical bridging and initial remodelling of the periosteal and endosteal 
regions; and Stage VI is a continuation of the remodelling process, characterised by the formation of a 
dual cortex, which is later fully resorbed.  
When the fixation stability was changed (3D and 7D groups) during stage II of the 
healing process (Figure 6.13) the healing pathway was altered from that of constant fixation 
conditions. Bone formed via intramembranous ossification on the cortical bone ends with very 
little cartilage formation observed (Figure 6.14). Stage IV of the healing process, following the 
change in fixation stability, is yet to be defined. Based on the results it is postulated that bony 
bridging of these groups is driven via intramembranous ossification with little or no 
contribution from the endochondral process. However the healing phases converge at Stage V 
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and VI for constant and modified stiffness groups, suggesting there is no impact on bone 
remodelling following fixation stiffness modification. When the fixation stiffness was 
modified in Stage III of healing (14D group), the phases of healing were not changed, however 
there seemed to be an acceleration in the progression from Stage III to V.  
 
Figure 6.14 Healing after modifying fixation stiffness during Stage II of healing in a rat femoral 
osteotomy model. Stage I with the formation of a haematoma primarily within the fracture region; Stage 
II with periosteal callus formation and initial cartilage formation at the periphery of the callus; Stage III 
is indicative of intramembranous ossification at the cortical bone ends; Stage IV is undefined with 
potential bone formation or cartilage formation (indicated in brown); Stage V can be represented by 
intracortical bridging and initial remodelling of the periosteal and endosteal regions; and Stage VI is a 
continuation of the remodelling process, characterised by the formation of a dual cortex, which is later 
fully resorbed.  
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6.5 CONCLUSION 
From this study, it has been demonstrated that modifying the fixation stiffness can alter 
the healing pathway, differences of which are not detectable as a healing outcome. Further 
investigation is required into the mechanisms triggered by stabilising the fixation, to assess the 
clinical applicability of this process. The healing stages described for both animal models relate 
to healing situations of constant fixation stiffness (Figure 6.13). The use of small animal models 
is increasing due to their low cost, short breeding cycles and well defined genome, as such 
characterising healing and callus development is crucial to enable the extrapolation and 
comparison of results for a pre-clinical (large animal) and clinical setting. 
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Chapter 7: Summary and Discussion 
The majority of long bone fractures heal via a secondary bone healing process, 
involving the development of an external callus. Overall, it has been widely reported 
that the course of fracture healing is influenced by the interfragmentary movement of 
the fractured bone, as determined by the applied load and the stability of any fixation 
[11, 14, 40, 84]. Accurately describing the mechanisms through which bone healing is 
influenced by mechanical factors may likely have a profound clinical impact by 
permitting the optimisation in treatment of bone injuries.  
Callus size and morphological development are influenced by mechanical 
stimuli throughout all stages of the healing process. Whilst this fact is commonly 
known, a sizeable challenge remains in identifying the mechanisms by which differing 
mechanical environments regulate the formation of various tissue types. A number of 
mechanobiological theories have been proposed, attributing cell differentiation and 
hence tissue formation to a number of specific mechanical cues [11, 38, 64, 117, 118]. 
These theories are continually improved upon as in vivo studies increase our 
understanding of the fracture healing process as a whole.  
Proposed in this project is the concept that healing times of fractures may be 
reduced by modulating the mechanical environment as healing progresses. We 
proposed that it may be most beneficial to flexibly stabilise fractures during the early 
stages of healing to stimulate the formation of a larger periosteal callus, and then to 
increase fixation stiffness, enabling a more rapid mineralisation of the tissue [12]. This 
concept was explored using a combination of computational and in vivo experimental 
techniques. 
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The first step in exploring this hypothesis was to perform a theoretical 
investigation analysing the influence of the size of a hard periosteal callus on the 
mechanical environment within a model fracture (Chapter 3). A previously validated 
axisymmetric finite element model of a fracture callus was used, which was modified 
to accommodate different sizes of the periosteal callus, as demonstrated in a previous 
in vivo study [67]. This study clearly supported the load-sharing effect of the periosteal 
callus, where under the same magnitude of loading, tissue strain and hydrostatic 
pressure were reduced within the intracortical region. This was the phenomenon we 
aimed to illustrate in our in vivo studies, where a larger callus was produced in the 
same time frame under flexible conditions. After then stabilising the fracture, the 
loading conditions would be equivalent to those under initial stiff fixation. 
Furthermore, the larger callus size may then lead to reduced strain within the callus 
tissue, potentially of such magnitude as to induce an increased rate of mineralisation 
within the cortices.  
The above work was expanded in Chapter 4, where the predictive capacity of a 
FE model developed by Simon et al. [129] from the Institute of Orthopaedic Research 
and Biomechanics, University Hospital of Ulm was assessed. This model was 
developed based on previous sheep studies [60, 100, 140], and was adapted to allow 
for the modification of fixation stiffness at any iteration throughout the healing 
process. The aim of the study was to determine if the model may appropriately address 
the effects of the changing mechanical environment on tissue distribution, and more 
significantly on the length of time required for healing to occur. The results of this 
assessment demonstrated that conditions where the fixation was most stable produced 
the fastest healing outcome, as defined by the achievement of an IFM threshold value. 
This indicated that within this model, the modulation of fixation stiffness would never 
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be able to improve the healing times of a constant stiff fixation. The primary limitation 
identified with this model was the fixed radius of the periosteal callus. Without the 
development of a larger callus through higher strains, it was impossible to assess the 
hypothesis discussed in Chapter 3. The tissue distribution over time required further 
assessment with the planned in vivo studies conducted in following chapters (Chapters 
5 and 6). 
Chapter 5 implemented the proposed fixation regimen in an in vivo study using 
a rat femoral osteotomy model stabilised with an external fixation system [105, 149, 
150]. This fixator enabled the modification of the degree of stability from flexible to 
stiff and vice-versa without the need for surgical intervention. Under initial conditions 
assuming an average body weight of 430 g, the stiff fixation would allow IFMs of 0.25 
mm (IFS 25 %) while the flexible fixator would allow 1 mm of movement (IFS 100%). 
With these fixator conditions, it was expected that the stiff fixator would enable 
optimal bone healing, falling within an optimal interfragmentary strain condition as 
determined by previous studies (7 - 30%) [172]. The flexible conditions however 
would result in delayed healing. The modification of fixation stiffness and hence the 
mechanical environment (as described above), was investigated at various time points 
throughout healing; inflammation (day 3), proliferation (day 7, 14), and consolidation 
(day 21) with an end time point of 35 days. We found that stabilising the fixation 
significantly improved the healing outcome when compared to flexible fixation. 
Likewise, stiff fixation also led to faster bone healing than flexible fixation, which 
confirmed the findings of previous studies [107, 108]. Our study found no significant 
differences between the stiff and the experimental groups in majority of measured 
parameters (mechanical testing, μCT and histology), although some trends were noted.  
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Differences between the stiff group and 3 day (3D) group were minimal in terms 
of the overall healing outcome, despite previous studies suggesting that the mechanical 
environment in the early phase of healing can direct the entire healing process [179]. 
Notably, the bone mineral density in the fracture gap of the 14D group was 
significantly greater than the stiff group, suggesting more mature bone in this region. 
Finally, stabilisation after 21 days (21D) was found to significantly improve the 
healing outcome with respect to flexible group. This was an important finding as it 
confirmed clinical experience [71, 159] of stabilising hypertrophic non-unions to allow 
mineralisation of the callus tissue. It was, however, difficult to form clear conclusions 
with a single termination time point of 35 days. As a result of this, the study was 
expanded to include an earlier intermediate time point to assess the healing pathway 
and allow for a clearer description of the phenomena occurring in this process. 
This expansion formed the study described in Chapter 6, where the time course 
of healing was evaluated at 5, 14 and 28 days post-operatively. This study showed 
interesting tissue distributions associated with the modification of fixation stiffness, 
driving intracortical bridging via different pathways. In both control groups (initial IFS 
25% and 100%), periosteal callus formation via intramembranous ossification was 
observed 5 days post-operatively. By 14 days, periosteal callus development had 
continued, with large amounts of cartilage formation in the periosteal and intracortical 
regions, in this case driven via endochondral ossification. At this stage of healing, 
endosteal bone formation had also initiated, with bridging across this region under 
flexible conditions. By 28 days, the cartilage found in the stiff group had 
predominantly mineralised, with some mineralisation occurring under flexible 
conditions and a large amount of cartilage present even at 35 days. By 35 days, healing 
and bony bridging had occurred in the majority of samples in the stiff condition. From 
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these findings a healing pathway for rat diaphyseal bones was developed (Figure 6.13) 
and compared to a pre-existing model developed based on sheep histology.  
This healing pathway was then compared to experimental groups, where fixation 
was stabilised at 3 days (3D) and 7 days (7D) postoperatively with healing evaluated 
at 14 days. Interestingly, these groups appeared to follow an alternate healing pathway 
to the control groups, with minimal cartilage formation and increased intracortical 
bone formation, with slightly larger bone areas found in the 7D group than the 3D 
group. The results indicated that bone formation in the intracortical region may have 
formed via intramembranous ossification, rather than endochondral as previously 
observed in the control groups. However, further assessment is necessary to confirm 
these findings, potentially through the use of more detailed biological analyses such as 
immunohistochemical staining and imaging. 
7.1.1 Temporal tissue formation 
The predictive capacity of a pre-established FE model of bone healing was 
assessed in Chapter 4 as previously described. The tissue distributions however were 
not previously assessed in comparison to in vivo histological sections. The sections 
obtained in Chapter 6, assisted in defining a healing pathway for rat bone healing.  
In the FE model, bone formation initiated along the cortical surface of the bone, 
however this occurred at some distance from the osteotomy. The growth then 
expanded toward the fracture region whilst the size of the callus was confined to the 
initial soft tissue domain. This differs from healing observed in experimental studies, 
where in the rat, healing initiated along the full length of the cortical bone, with this 
response appearing to be relatively uniform along the length. Similarly, previous 
experimental sheep studies also demonstrated such a uniform development of the 
periosteal hard callus [67, 80, 197]. The callus in these experimental studies radiated 
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away from the fracture region, rather than growing toward the fracture. This is not an 
uncommon trend within FE models, with this pattern of bone development observed 
previously in 2D [118, 129], 3D [124] and callus growth models [121].  
Despite differences in fixation stability, few differences were observable 
throughout the healing process in the FE model, contrary to experimental outcomes. 
The exception to this was the simulation of the lowest fixation stiffness (400 N·mm-
1), where a band of soft tissue remained throughout the periosteal and intracortical 
regions; a phenomenon which occurred due to the strain magnitude being too high for 
bone to develop. Interestingly, however, there was also no cartilage formation in this 
region, which would be expected based on data from the experimental studies 
presented here or from other sheep studies [67].  
More recently, the FE model used throughout this project was adapted to 
simulate healing in a rat model [73], which may provide more accurate comparisons 
for the healing pathway observed herein. This model was adapted by matching the 
increase in callus stiffness in the FE simulation to experimental data. As a result, strain 
thresholds were implemented at higher magnitudes than for the previous model of 
sheep healing [73]. This suggests that a rat fracture callus may develop and mineralise 
under higher loads than in humans and sheep; a finding that has not been previously 
elucidated, discussed or assessed.  
Qualitative comparison of the numerical model of healing in the rat and 
experimental data revealed a greater correlation, with both indicating initial periosteal 
callus formation along the cortex. The size of the callus was marginally smaller under 
more stable fixation conditions, which was not included in the previous version of this 
numerical model. However the model also implemented a fixed domain approach, 
where the more flexible condition remained limited to a callus size within that domain. 
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Further, endosteal bone formation occurring prior to periosteal bridging was not 
observed in the simulation, and the amount of cartilage produced did not differ greatly 
for different fixation stability conditions. Whilst this modification demonstrated 
improvements in terms of matching experimental data, the adaptation was not tested 
for its predictive capacity or based on all findings, and thus it seems unlikely that it 
could adequately model the effects of stabilising fixation.  
With the data presented here, it is clear that with the current processes involved 
in the presented FE model, further development is required to improve correlation with 
previous histological data and to enable use of the model in future predictive scenarios, 
both clinically and experimentally. There are a number of limitations across all current 
FE models restricting their predictive capacity. These include but are not limited to 
simplifications in loading, material properties, representing callus growth, modelling 
biological processes and validation of FE models with experimental data.  
Loading is applied as a constant parameter in the majority of bone healing 
simulations. However in reality, limb loading is intermittent (during gait and patient 
weight bearing) and loading often increases as healing occurs. Loading in FE models 
is often only applied axially to the proximal bone end, while the distal end of the bone 
is constrained. There have been efforts to incorporate shear loading / movement, 
however these are greatly simplified without the addition of muscle, tendon and joint 
forces, which provide much more complex loading conditions in vivo than in the 
simulation. However the difficulty in increasing the complexity of the loading 
conditions, is that there is limited information attainable as to patient loading or 
loading throughout in vivo experiments. As this area develops experimentally, with the 
focus on attaining loading conditions in vivo, this knowledge can then be implemented 
computationally.  
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Material properties also prove to be difficult to accurately represent with 
different values reported throughout literature. For example the initial connective 
tissue or granulation tissue has been reported implemented differently, which can 
greatly affect the estimations of stress, strain and interstitial fluid velocities as they are 
sensitive to assumed of material properties [184]. Gardner et al. [198] implemented 
granulation tissue as a linear elastic model with an elastic modulus of 0.2 MPa, 
whereas Lacroix et al. [118, 127] implemented the same elastic modulus however 
modelling the tissue as a biphasic, poroelastic material. However, Comiskey et al. 
[151] implemented this material as pseudoelastic with an elastic modulus of 1 MPa 
based on experimental findings of Leong and Morgan [199]. Finally, Claes and 
Heigele [11] assumed that the granulation tissue behaved as a Mooney-Rivlin 
hyperelastic material. These vast differences in material properties implemented, 
makes it difficult to compare models and simulated bone healing outcomes. This also 
has a vast impact on the magnitude of the initial mechanical stimuli driving the healing 
process.  
The majority of FE models have failed to model callus growth, generally 
beginning with a field of soft tissue surrounding the bone fracture, in which fibrous 
tissue, cartilage and bone can develop, modelled as changes in material properties [73, 
118, 119, 124, 125, 127-129, 131, 153, 188]. Numerous studies have now identified 
the importance of a growing callus geometry with changes in mechanical conditions 
[121, 123, 125, 139] as demonstrated experimentally with larger callus sizes achieved 
with greater mechanical stimulus [78, 140]. While limitations remain with these FE 
models of callus growth, future development should enable more realistic 
determination of mechanical stimuli within the healing callus tissue with this approach.  
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There also remains a significant challenge in the implementation within an FE 
model of biological processes during fracture healing, such as cell migration, 
differentiation, proliferation and apoptosis as well as angiogenesis [35, 129]. A number 
of models have attempted to characterise these cellular behaviours, however many 
assumptions are required to model these parameters. For example Lacroix and 
Prendergast [118] used a diffusion mechanism to simulate migration, proliferation and 
differentiation of cells. However all of the cellular parameters occur at varying rates 
leading Isaksson et al [200] to describe temporal and spatial distributions of skeletal 
tissue as being regulated by four cell types, mesenchymal stem cells, chondrocytes, 
fibroblast and osteoblasts. These cells at each time point could migrate, proliferate, 
differentiate and/or undergo apoptosis depending on the mechanical stimulation and 
activity of surrounding cells. Other approaches have reduced the complexity of the 
models by restricting the formation of fibrous tissue, cartilage and bone to existing 
surfaces [139], consistent with histological observations.  
Finally, validation of the FE model outcome can be difficult as this process 
generally involves comparisons between the mechanical environment with 
histological patterns of tissue formation. This approach can only demonstrate 
correlations and not cause-effect relationships. It can be useful however in assessing 
the predictive power of current methodologies – an essential step for improving the 
modelling processes for translation to clinical use.  
7.2 CLINICAL IMPLICATIONS OF MODIFYING FIXATION STIFFNESS 
Currently in clinical practice, when a fixation device is applied, there is no 
modulation of the fixation stiffness over the course of healing i.e. the fixation stiffness 
remains constant. Although this approach is mostly successful in the clinical setting, 
complications do occur as a result of fixation stiffness that is overly rigid or overly 
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flexible [175]. Moreover, clinical and experimental studies have shown that there is a 
greater risk of extremely flexible fixation leading to a delay in bone healing 
(hypertrophic non-union) [79, 85, 89] compared to a rigid fixation, as extreme rigidity 
with no mechanical stimulus is difficult to achieve.  
Currently there are few scenarios where fixation stability is increased clinically. 
The first case is when there is delayed healing or hypertrophic non-union resulting 
from insufficient fixation stability [71, 159]. When this occurs, clinicians usually treat 
it by increasing the fixation stability, which requires a secondary surgery and the 
addition of screws or modification of the device entirely [159]. 
The second case where fixation stability is increased clinically is when severe 
trauma patients with multiple injuries are initially treated with an external fixator, 
which is later changed to internal fixations, most commonly an intramedullary nail 
[183, 201, 202]. External fixators are less invasive than intramedullary nails, so to 
avoid an excessive inflammatory response, these devices are used in preference to 
initially stabilised the fracture, particularly when the patient is at high risk of multiple 
organ dysfunction syndrome. Once the patient is stable, the external fixators are often 
replaced by intramedullary nails [202] however this process is largely performed for 
patient comfort and convenience rather than through necessity.  
Sigurdsen et al. [201] demonstrated that converting from an external fixator to 
intramedullary nail at 1 week post-operatively in a rat model, produced similar healing 
outcomes as maintaining external fixation throughout the entire healing period. 
However there were definitive delays in healing when converting to a nail at 14 or 30 
days post-operatively. Further to this Recknagel et al. [183] assessed this process in a 
multiple injury model finding that conversion to a nail at 4 days post-operatively lead 
to prolonged healing times, potentially due to the disruption and damage of the healing 
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callus tissues. Clinically studies have demonstrated similar trends, where it has been 
reported that acute conversion to internal fixation is associated with a higher rate of 
successful healing, with poorer outcomes associated with longer external fixation time 
[203]. In one clinical study [204], 40 % of patients who underwent secondary 
orthopaedic surgery within 3 days post trauma developed multiple organ failure, a 
finding confirmed with the outcome of the study by Recknagel et al. [183]. Therefore 
there is potential to continue treatment via external fixation, however the fixator may 
require stabilisation to increase patient mobility.  
The advantages of using an external fixation in fracture treatment, particularly 
for the application of the hypothesis discussed throughout this thesis, is the ability to 
modify the fixation stability with minimal invasive approaches compared to those 
discussed with internal fixation devices. However an understandable drawback is 
patient discomfort and potential pin site infections. However, implementation of the 
hypothesis clinically, does not need to be directly related to changes in fixation 
stability. Instead this could be applied as a loading regimen during patient 
rehabilitation. For example, the patient could weight bear as early as allowable post-
operatively. Once there is evidence of callus formation via x-ray, the patient could de-
load their fracture limb – potentially producing the same effect as physically stabilising 
the fracture. Future work is required to examine the mechanistic bone healing pathway 
and outcomes, in combination with patient rehabilitation studies in order to implement 
a modification of the mechanical environment within a fracture for potential clinical 
application.  
7.3 FUTURE WORK 
There is a great deal of further research that may be derived from the work of 
this thesis. Firstly the assessment of whether fracture healing time was reduced by 
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modifying the fixation stiffness compared to the constant stable condition. To assess 
this further animals would need to be included to the study, to determine the 
mechanical integrity of the bones throughout in the healing period. Mechanical testing 
could be conducted on samples as early as 14 days to ascertain the strength differences 
between the largely cartilaginous callus structure observed in both control groups and 
the bone formation observed in the 3D and 7D groups. This could be repeated at 28 
days post-operatively, where larger differences between the groups would be expected 
compared to the results after 35 days of healing (Chapter 5:). 
The healing pathway (Chapter 6:) of the 7D and 14D groups could be further 
investigated. It is critical to further assess and confirm if the 7D group formed bone 
throughout the intracortical region via intramembranous ossification while the 14D 
group showed an accelerated endochondral ossification response. Early time point 
samples from these groups could be analysed further via immunohistochemical 
staining techniques with particular focus on markers indicating cartilage versus bone 
deposition. Differences in the revascularisation of the callus for these ossification 
processes could also be examined.  
Second to this, assessment of the in vivo mechanical environment could be 
assessed through representative FE models, which could elucidate the mechanical 
environment conducive to the differing healing pathways. The mechanical stimuli 
could then be related more closely to the changes in tissue deposition observed 
experimentally. 
Finally, this fixation protocol could be applied to models of disease, where 
healing is compromised such that without optimised conditions fracture healing can 
be very difficult. Implementing this process could assist in reducing the margin of error 
for clinicians.  
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7.3.1 Further Examination of the Healing Pathway 
Further examination of the samples obtained in Chapter 6, could assist in 
providing more information regarding the healing pathway particularly the differences 
between intramembranous and endochondral ossification regions across all groups. 
Firstly, investigating angiogenesis within the fracture callus could assist in 
determining differences between the control and experimental groups with respect to 
cartilage formation. Revascularisation of the fracture callus is essential to facilitate 
nutrient and gas exchange to the cells within the fracture region. It has been postulated 
that healing situations with low oxygen content are thought to drive MSCs toward a 
chondrogenic lineage (endochondral ossification), whereas regions with extensive 
microvasculature are thought to direct MSCs toward an osteogenic lineage 
(intramembranous) [36, 205]. This may assist in interpreting differences in the bone 
formation throughout the intracortical region. Potential antibodies that could be used 
to examine these differences are CD31 [206, 207]; anti-vascular endothelial growth 
factor (VEGF) [3, 35, 70, 208]; anti-alpha smooth muscle actin [209]; and von 
Willebrand factor (vWF) [205]. 
Further to this, investigation into bone tissue macrophages (osteomacs) could 
provide further insights into the healing pathway as they have been shown to enhance 
osteoblast mineralization in vitro and have been are associated with sites of 
intramembranous bone deposition in vivo [210]. Osteomacs reside within bone lining 
tissues have thus far been identified in both mice [211] and humans [211, 212]. 
Specific antibodies that could be used to investigate the role of osteomacs and further 
to that intramembranous bone formation within the healing fracture include F4/80; 
CD68 (general marker); CD163 (Mac 2) [210], osteocalcin and Collagen type I. To 
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examine regions of endochondral ossification more closely, staining for Collagen type 
X, prior to cartilage formation could be examined [213].  
7.3.2 Finite Element Models 
Further evaluation is required to identify the features of the mechanical 
microenvironment most strongly associated with different skeletal tissue formation 
during bone healing. Building on the previous works of Claes and Heigele [11], a series 
of FE models could be developed from the histological sections obtained in Chapter 6. 
The purpose of this investigation would be to determine the mechanical environment 
under different fixation conditions and to relate this to changes in tissue distribution 
observed in vivo. This could lead to a better understanding of the optimal mechanical 
conditions for healing by determining the strains and hydrostatic stresses in the callus 
and how these change with hard callus maturation. It would be interesting then to 
assess how the mechanical stimuli vary with the increase in fixation stiffness, 
specifically the changes that influence faster mineralisation within the fracture (as 
observed experimentally in the 14D group). The results from this FE study could be 
coupled with the immunohistochemical investigation to enhance understanding of the 
mechanisms involved in the mechanical regulation of bone healing.  
7.3.3 Further Applications 
The concept of modifying fixation stiffness from initial flexible conditions to 
stiff throughout the healing period is a relatively novel concept, as this is the first study 
to investigate this concept in normal fracture healing. Thus the effect of this process is 
not fully characterised under normal bone healing conditions. Despite this, there is 
potential that this process could be applied to disease models where fracture healing is 
a significantly impaired process and difficult to achieve clinically under constant 
fixation. Osteoporosis is a skeletal disease characterised by micro-architectural 
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deterioration and low bone mass, resulting in increased bone fragility and hence 
susceptibility to fracture [214]. While common osteoporotic fractures are of the hip, 
distal radius and vertebral body, it is a systemic condition with a heightened risk of 
many fracture types [215]. Worldwide 100 – 200 million people are at risk of an 
osteoporotic fracture each year, with this number rising due to the ageing population 
in many of the developed countries [216]. Clinical experience and outcomes are 
inconsistent with respect to delayed bone healing for osteoporotic patients due to a 
lack of comparative studies with normal bone. However recently a retrospective 
clinical investigation determined that healing was significantly delayed in osteoporotic 
bone [217]. Several experimental studies have outlined poorer healing outcomes in 
osteoporotic models, namely reduced fracture callus cross-sectional area [218] and 
reduced mechanical properties of the fracture callus [219]. Implementing a 
modification of fixation stiffness has the potential as demonstrated to produce a large 
callus volume, which upon stabilisation could mineralise to produce a more robust 
callus.  
7.4 CONCLUSION 
This project proposed the hypothesis that fracture healing may be enhanced with 
flexible fixation conditions during the early stages of healing that are later stabilised 
to allow callus mineralisation. It is the first study in fracture healing to assess the effect 
of modification of fixation stability, by examining histological outcomes at various 
healing time-points in a rat femoral osteotomy model.  
This study clearly demonstrates differences in healing under constant fixation 
and after fixation stabilisation. The formation of the periosteal callus via 
intramembranous ossification was shown to be related to the local mechanical stimulus 
within the fracture region. It was identified that intramembranous and endochondral 
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ossification were overlapping processes, with the initiation of the later occurring at the 
periphery of the periosteal callus. As healing progressed under constant fixation, it was 
observed that higher magnitude IFM led to a delayed healing, particularly the 
endochondral response with the presence of cartilage throughout the entire healing 
process under less stable fixation.  
The modification of fixation stiffness at 7 days post-operatively, led to a healing 
pathway dominated by intramembranous ossification, however when implemented at 
14 days post-operatively the process was shown to accelerate endochondral 
ossification compared to both control groups under constant fixation. Overall these 
results indicate benefits from early fixation flexibility to stimulate hard callus 
formation, with stabilisation required for intracortical bone formation, irrespective of 
the healing pathway.  
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Appendix A 
Chapter 5 and Chapter 6: Surgical Procedure 
 
The surgeries for this study have been conducted at QUT Medical Engineering Facility 
(MERF) and ethics approval was obtained by from the university ethics committee (ethics 
approval number: 1100000717). Animal care and experimental protocols were followed in 
accordance with the National Health and Medical Research Council (NHMRC) guidelines and 
approved by the Animal Ethics committee of Queensland University of Technology.  
Table A-1: Instruments and consumables necessary for surgical procedure. 
Instruments Consumables 
Fixator bars and screws Gauze squares 
1 mm stainless steel pins Gauze balls 
0.8 mm drill bit (DePuy Synthes, USA) 10 mL syringe 
Air drill (DePuy Synthes, USA) Scalpels blades size 10 
Drill guides Chlorhexidine 
Scissors Saline 
Scalpel handle Plastic sheet to cover rat 
Forceps x 4 Drill cover 
Saw blades and 1 mm spacer Scalpel blade 
Screw driver Finger of glove 
Wire cutter Suture x 2 (Vicryl 5.0) 
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Surgical Procedure 
1) The surgeon makes a 3-4cm incision along the femur, of the right leg, opening the 
skin and muscle to expose the lateral surface of the bone.  
Figure A-1: Incision site and exposure of the lateral surface of the femur. 
2) Surgical assistant holds the centre of the bone and retracts tissue from the proximal 
end of the bone. Surgeon places the first drill guide on the bone in position to drill 
the proximal hole. Placement of this hole is critical for the successful completion 
of the surgery. When in place, surgeon drills hole with irrigation (saline).  
3) The first drill guide is then rotated and surgeon inserts the first pin.  
 
Figure A-2: Placement of first drill guide on surface of the femur. 
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Figure A-3: Drilling of the first hole in the proximal end of the femur. The drill guide is then rotated to 
allow the insertion of the pin. 
4) Before drilling the second hole at the distal end of the femur, it is important to 
check the placement of the drill guide with a pin inserted in the third hole. If this is 
in contact with the surface of the bone, the surgeon then proceeds to drill the distal 
hole.  
5) To insert the distal pin, the first drill guide is replaced by the second drill guide. 
The pin is then inserted.  
 
Figure A-4: Drilling the distal hole after checking the placement of the drill guide. The first drill guide 
is changed to the second one for insertion of the distal pin. 
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6) Using the second drill guide (already in place), the two inner holes are drilled.  
7) The second drill guide is then replaced by the third guide for insertion of the inner 
pins. The third guide is then removed.  
Figure A-5: Drilling of the inner two holes using the second drill guide. 
Figure A-6: Insertion of inner pins using the third guide. When this is completed the guide is 
removed. 
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8) The fixator bars are then places over the pins. A spacer of 6mm or 12mm is used 
to place the bars this distance from the bone for the stiff and flexible fixation 
conditions respectively. The distance between the bars is one bar width. Surgeon 
will hold the desired configuration firmly in place, while surgical assistant tightens 
the screws with an Allen key.  
Figure A-7: Spacing for the stiff configuration (6mm) and flexible configuration (12mm) from the 
surface of the bone. 
9) The inner bar is then removed and the extra length of the pins is cut with the wire 
cutters.  
 
Figure A-8: Removal of inner fixator bar and cutting of excess length of the wire pins. 
10) The osteotomy is then cut in the centre of the bone between the two inner pins. The 
saw used has two blades set 1mm apart in order to create the 1mm osteotomy.  
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Figure A-9: 1mm osteotomy created between the two inner pins of the fixator. 
11) Finally the muscle and skin are sutured closed. And the inner bar of the fixator is 
put back on, creating the final fixator configuration.  
Figure A-10: Final step of suturing the muscle and skin to close the wound. 
